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FOREWORD

This final report summarizes a study performed for the NASA Langley
Research Center under Contract NAS1-15568, Investigation of Low Temperature
Forming of Beta Titanium Alloys for Supersonic Cruise Research (SCR) Applica-
tions, for the period December 1978 to December 1982, Mr. D. M, Royster was
the technical monitor for NASA. Results from concurrent Lockheed internal
research studies on beta titanium alloys are also reported,

The program was conducted by the Lockheed-California Company, Burbank,
with Mr. R.S, Kaneko of the Materials and Processes Department the Project
Leader. Lockheed personnel who made key contributions to the program were:
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Materials and Producibilicy C.M. Garcia, R.J. Reiseck

Structures C.A., Woods, G,W. Davis,
J.C. Ekvall, M.b. mcMaater,
L. Young, P. Schell

Manufacturing Research J.K. Lawson, F.H, Ruge,
T.F, Imholz, L. Moses

Structures and Materials Laboratory R.L. Lowe, J.M. Cox,
T. Gillette, F. Pickel,
W. Renslen, T.K. Mukherji

Quality Assurance W.W. Leuders, J.F, Crocker,
¥M.J. Berg

Creep and elevated temperature compression coupon tests were conducted
at tie Battelle Columbus Laboratories under the direction of J. Van Echo.
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LOW-TEMPERATURE FORMING OF BETA TITANIUM ALLOYS

Russell S. Kaneko and Carolyn A. Woods

Lockheed~California Company

SUMMARY

Low-cost mathods for titanium structural fabrication using advanced
cold-formable beta alloys were investigated for application in a Mach 2.7
supersonic cruise vehicle, This work focuses on improving processing and
scructural efficiencies as compared with standard hot-formed and riveted
congtruction of all Ti-6A1-4V sheet structure. The principal alloy investi-
gated was Ti-15V-3Cr-35n-3A1 (Ti-15~3), and a more limited evaluation of the
Ti-3A1-8V=6Cr=-4Mo=4Zr (Beta-C) alloy was made.

The beta alloys were readily cold-formable, brazable, and weldable in the
solution-treated condition, and the aged mechanical properties appear suitable
for postulated service at -65°F to 600°F. Skin/stringer panels were made by
a new approach whereby cold-formed heta Ti stringera and Ti-6Al1-4V face sheets
were joined using a unique out-of-furnace isothermal brazine process, followed

by low=temperature aging Lo achieve optimum properties. Structural verification

included room and elevated temperature crippling tests of small skin/stringer
assemblies, and column buckling, fatigue and damage-tolerance testing of
large=scale representative wing surface panels of a supersonic cruise vehicle.
This new methodology can reduce production ccsts by at least 25 percent and
welght by 16 percent compared with the conventional Ti-6Al-4V hot-formed

and riveted assembly.

Increasing the structural capability of beta titanium components by local
reinforcement with continuous fiber SiC/Ti-6Al-4V metal matrix composite (MMC)
was shown feasible using the isothermal brazing process. Conversely spot-
weldability of the MMC was poor and requires further development to eliminate
local composite weakening. Present costs of the MMC selective reinforcement
concepts studied are very high.
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INTRODUCTION

For several years NASA has been conducting a supersonic cruise research
(SCR) program to develop a strong technology base for providing rationa) deci-
sions concarning the development of future supersonic aircraft. Titanium
alloys are of interest to the SCR program because of their structural efficiency
at elevated temperature. Conventional titanium gheet structure, however, has
4 history of being difficult and expensive to fabricate because of the exten-
sive hot forming, machining, drilling and fastening involved. Alpha-beta alloys
possess very limited formability. For example, the minimum bend radius of

Ti-6A1-4V (T1-6~4) sheet at room temperature is about five times the thickness.
Therefore, it 1s usually hot formed at 1300 to 1500°F to obtain the required
dimensions with minimal springback.

Metastable beta titanium alloys possess a body centered cubic crystal
lattice having a relatively large number of active slip systems that result
in increased ductility and the ability to be formed at, or near, room tempera-
ture. This considerably reduces fabrication costs. Being strip rollable they
are also more economical than alpha-beta alloys such as Ti-6A1-4V produced on
& hand mill,

. With simple aging treatments, the beta alloys can attain a higher specific
strength than conventional alpha-beta alloys. Further weight savings are
possible by exploiting selective cold-roll taper forming and the close toler-
ances and long lengths achieved by continuous strip processing.

Based on the potential structural efficiency and formability virtues of
the beta titanium alloys, this study was initiated to verify their advantages
over conventional titanium alloys for SCR applications. The general approach
taken to accomplish this objective was (1) developing the manufacturing param=
eters and mechanical property data for efficiently cold forming, brazing, weld-
ing, and heat treating advanced beta titanium alloys, and (2) demonstrating
cost and structural payoffs through design, fabrication, and evaluation of
large structural panels.

The program consisted of eight major tasks, briefly described below:

o Task 1 - Material Identification and Screening. - Identify and screen
three candidate beta titanium alloys for mechanical properties and
relative applicability to low temperature forming.

¢ Task 2 - Room Temperature Formability Study. - Investigate the room
temperature forming capability of the two most promising alloys.

o Task 3 - Process Optimization. - Develop forming parameters and optimum
heat treatment for the two beta alloys.
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Task 4 - Material Characterization., - Develop and conduct a test
program to determine effects of forming, joining, and SCR environment
on the basic material properties of the two beta alloys.

Task 5 ~ Joining Studies. ~ Develop low-cost, efficient joining methodas
for the two beta alloys.

Task 6 - Panel Specimen Fabrication. - Design, fabricate, and test hat~
stiffened crippling specimens from the two beta alloys.

Task 7 - Wing Panel Fabrication. - Desigr and fabricate representative
hat-stiffened SCR upper wing surface panels from a selected beta alloy
and joining method. Perform static compression and variable amplitude
flight-by-flight fatigue loading spectrum tests. Assess the relative
merits of low-temperature forming of beta titanium alloys for fabricat-
ing SCR structural wing panels compared to state-of-the-art fabrication
methods for Ti-6A1-4V alloy.

Task 8 - Metal Matrix Composite (MMC) Selective Reinforcement
Concepts. - Design, analyze, fabricate and test selectively reinforced
beta titanium skin-stringer compression elements, and assess the data
for scaling up 'the concepts to fabricate a full-size wing panel.

Preliminary results of Tasks 1 through 7 were presented in Reference 1.
Final results of Tasks 1 through 8 are reported herein,

Use of trade names or names of manufacturers in this report does not
constitute an official endorsement of such products or manufacturers, either
expressed or implied, by the National Aeronautics and Space Administration or
the Lockheed-California Company.

Aa

CcT
cW

da/dN

EDAX
f13Ref

SYMBOLS AND ABBREVIATIONS

Crack length, inch

Effective crack extension, inch

Aged, (thermal treatments are noted in text)
Compact tension

Cold work (refers primarily to tension strain; a minus sign denotes
compression strain)

Fatigue crack growth rate, in/cycle
Elongation in 4w (w=specimen width), percent
Elagtic modulus (tensile or compressive), Msi
Energy dispersive analysis of X-rays

Mean stress during climb
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Fatigue crack growth

Compressive yield strength at 0,2 percent offget, kai
Ultimate tensile strength, ksi

Tensile yield strength at 0.2 percent offset, kai
Forming limit diagram

Hour

Stress intensity factor, ksi—inllz

Stresgs intensity factor range, 1»:s:l.-:l.n]'/2

Longitudinal

Plane stress fracture toughness (The value of KR at the instability
condition), ksi-inl/2

Crack growth resistance, ks:l.-:l.n]'/2

Geometric stress concentration factor

Metal matrix composite

Strain hardening coefficient

Radius, inch

Stress ratio, min stress/max stress

Stress ratio below which compression loading is ineffective
Planar average plastic strain ratio, ®width/€thickness
Density, lb/:l.n3

Supersonic cruise research

Supersonic cruise vehicle

Scanning electron microscopy

Solution treated

Solution treated and aged
Thickness, inch

Transversge

Tungsten inert gas (welding;




TASK 1 - MATERIAL IDENTIFICATION AND SCREENING

Literatura Survey

A cursory review was made initially of references covering beta alloys
which had been produced experimentally or commercially as flat~rolled products.
Further review was then iimited to alloys which were commercially available and
which lend themselves to low-temperature forming with the potential of being
age-hardened to strength levels of high structural efficiency.

A comparison of published properties and formability of the principal beta
alloy candidates is summarized in tables 1 and 2. Formability data are given
for the solution-treated (ST) condition. Other values reported in these tables
were selected to correspond with a common stremgth level near 170 ksi to facili-
tate property comparisons in the solution treated and aged (STA) condition.

Thermal stability characteristics of the six candidate alloys are presented
in table 2. Creep data were not available for all the alloys, but the limited
data obtained from this literature search shows that the creep resistance of
the beta alloys compares favorably with Ti-6A1-4V. Exposure to 600°F for
various times up to 1500 hours had little effect on the tensile properties of
these alloys. However, a direct comparison of thermal or creep stability can~-
not be made because of the differences in the exposure times and stress
conditions.

Assessment of the data led to selecting Ti-15V-3Cr-3A1-3Sn(Ti-15-3),
T1-3A1-8V-6Cr-4Mo=421 (Beta=C), and T1-13V-11Cr-3A1(B-120) for screening tests
in task 1. Ti~15-3 is recognized as a superior Ti sheet alloy based on a
geries of previous Air Force progrsms having the goal of developing a atrip-
producible. formable, economical, and "forgivable” Ti sheet alloy (references
2 through 5). B-120 was the first beta alloy of commercial importance, and
was chosen to serve only as a baseline' for the screening tests in task 1.
Beta-C has exhibited a good combination of cold formability and aged mechani-
cal properties including creep stability, and was the most readily available
alloy tor this program of the remaining candidates.

Tegt Materials

Beta alloys Ti-15-3, Beta-C, and B-120 were selected from the literature
survey for screening in task 1, with Ti-15-3 and Beta-C for the ensuing tasks.
Properties of the ss-received sheet materials and their program usage are
listed in table 3.

AMI Company cxperienced difficulties producing the hot-roll Beta-C
gsheets for the program. It was not available for task 1 screening and the
thinner uf the two ordered gages (0.040 and 0.080 inch) was cancelled. Nominal
gage of the Beta-C received was 0.065 inch. Ductility was rather low as
evidenced hy the tensile elongation and minimum bend rad?i reported in the mill
certification (table 3).
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On receipt of the Beta-C material, the tensile properties and microatructure

were checked. The tenasile properties shown below agreed with the aupplier data
and were acceptable although elongation was marginal.

As-Solution Treated 1600°F, 30 Min., Air Cool:

Dir Ftu' kai Fty' kai a,%
L 130.0 129.6 13.0
T 133.4 132.8 8.0

Metallographic examination of the Beta-C revealed a mixed beta grain size
conaisting of fine and very large grains (> ASTM No. 1). Also the surface
appeared heavily etched resulting in an uneven and rough text're. Microstuc-
ture is shown in figure 1. The grain size inhomogeneity is greater thar uormal
and can be attributed to the cumulative effects of renrocessing applied to this
lot of material. To correct earlier deficiencies including high hydrogen, low
ductility, and high directionality, the material was subjected to an additional
vacuum anneal cycle and a 1600°F resolution treatment.

Based on this preliminary assessment, the Bata~C was considered to be
below its normal quality. Consequently the Beta-C evaluation was reduced in
scope to selectively perform sufficient heat treat, mechanical property, form-
ing, and joining characterization to accomplish the task 6 panel evaluation;
and the characterization of the Ti-15-3 alloy was increased.

Screening Tests

Three heat-treat conditiona were selectively evaluated; the solution
treated condition for formability, and two aglng treatments for mechanical

properties, representing near-peak and an intermediate strength level as
follows:

Alloy Peak Strength Intermediate Strength
B~-120 900CF - 36h* 900°F - 12h
Ti-15-3 850°F - 16h 900°F - 12h

*Although strength increases slowly with longer aging time, 36 hours
was chosen as a practical cutuff point.

A matrix of the acreening tests is shown in table 4,




Formability Indices, - Applicability to room temperature forming was
initially assessed on the basis of tension and compression tests of annealed
material in three grain directions (L,T,45°). Table 5 summarizes the results
obtained for Ii-15~3 and 3-120 alloys. Ti-15~3 shows better overall formability
characteristics than B-120, and little directionality as well,

The lower yield strength (hence, flow stress) and modulus of Ti=15-3
in both tension and compression are favorable from a forming standpoint. Both
alloys exhibit high ductility, while strain hardening coeff{icients were suitably
low. Above about 10 percent elongation, the B-120 appears to have a signifi=-
cantly higher strain hardening rate than Ti-15-3. Planar average plastic
strain ratios (R) greater than unity were obtained for both Ti=-15-3 and B-120.
This characterizes the materials as being resistant to thinning and, therefore,
suitable for such forming operations as drawing, stretch forming, and hydro-
forming (reference 17 through 20). Note, however, that while directional
plastic strain ratios (Ri) were nearly isotropic for T1-15-3, the B-120 had
an R-value less than unity in the longitudinal and transverse grain directions.

Aged Mechanical Properties. - All Ti-15-3 and B-120 test coupon blanks
were aged in an argon atmosphere and then pickled in nitric-hydroflouric actid

to remove the surface film.

e Tension and Residual Strength. - Room temperature tensile properties
were determined for Ti-15~3 and B-120 aged to peak and intermediate
strength levels. The residual strength of material stretch-strained
to a nominal 8 percent permanent set prior to aging to simulate forming
strains was included. The reduced section was premachined oversize
and the individual coupons were stretched in a tensile test machine.

A test summary is presented in table 6. Ti~15-3 had less directionality
and slightly better ductility than B-120, while B-120 had greater stif-
fness. Uniaxial prestrain tended to reduce the directionality in both
alloys. With prestrain, overaging appears to have set in with the peak
etrength age in B-120 and with both aged conditions in Ti-15-3, indicat~
ing that the alloys were fully aged by these treatments. Prestrain

accelerated aging to increase strength only for the intermediate
strength age in B-120,

e Notched Fatigue. - Constant amplitude axial testing at R = 0.1 was car-
ried out on hole-notched coupons with K¢ = 2.6, The S=N fatigue plots
for T1-15-3 and B~120 in two aged conditions are presented in figure 2.
Ti-15-3 alloy showed generally improved fatigue behavior compared to
B=120. The two aging treatments for B-120 and the peak strength age
for Ti-15-3 produced similar fatigue results, while a 15-percent
higher endurance strength is indicated for the lower strength Ti-15-3,
This apparent fatigue improvement for the lower-gtrength aging treat-
ment warranted further study and verification in task 4.
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e Fracture Toughness. - R-curve determination for Ti~15~-3 and B=].0 1in
two aged conditions was conducted based on the guldelines of proposed
ASTM Standard E561-76T, using compact specimens. The resulting
R-curves are shown in figuves 3 and 4 in terms of effective crack
extension. The adjustment of the plastic zone size was based on a

; comparison of the physical crack length at the end of fatigue pre-

F cracking to the calculated crack leugth at the start of R-curve testing.

The R-curves indicate that for a given alloy, the higher strength heat
treat had a discernible effect resulting in a lower fracture resistance.

On the other hand, for a similar strength level, the two alloys have
comparable R-curve characteristics.

PRy uETERT T s
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@ Creep. - The test temperature was 600°F, the time pericd 1000 hours,
and the stress 100 kei. There were four test groups representing
two alloys (Ti-15-3, B-120) and two aging treatments. One of the three
specimens in each group was stretched prior to aging in the manner
described earlier for residual-strength specimens to represent the
effect of forming strains. The specimens were tension tested after the
Creéep exposure to compare exposed and unexposed properties.

ARSI T, TR

The results are shown in table 7. B-120 had better creep resistance
than Ti-15-3 under thesc test conditions, displaying lower creep
atrains and creep rates for both aging treatments. The effect of aging
treatment was insignificant with Ti-15-3, but with B-120 the more fully
aged condition, 900°F/36 hours, had the best creep resistance., Cold-

- work before aging (simulating forming prestrain) tended to lower the

> creep resistance very slightly in both allys. Note that the creep
stress of 100 ksi is much higher than the anticipated sustained design
loads for an SCR structure. In view of this, » lower stress was
evaluated in the creep tests of task 4 (Materials Characterization).
Examination of the Toom=temperature tensile properties indicates
generally good creep stability in these alloys. Some strengthening

was found in all specimens after creep exposure, however, with little
or no loss in ductility.
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TABLE 6. EFFECTS OF STRAINING FOLLOWED BY AGING ON TENLILE PROPERTIES OF TWO
BETA TITANIUM ALLOYS (TASK 1)

Apparent Elastic
Aging Grain Fiy Fw e Modulus
Beta Alloy Troatmant | Dirsction | Condition | (kel) |  (ksi) (%) (103 ksl)
200°F -36h L 8TA T 103 53 16.8
Peak Strangth STCWA | 215 180 6.7 168
T STA 218 204 43 16.7
TI-13V-11Cr-3Al STCWA | 218 "W 40 170
0.083 in shemt
800°F -12n L STA 190 172 83 164
Intermediste STCWA | 203 179 6.0 163
Strangth ,
T STA 196 183 50 16.6
STCWA 208 186 6.0 18.7
850°9F -16h L STA 203 188 80 164
Posk Strangth STCWA | 204 188 68 16.3
T 8TA 208 188 63 15.8
T-15V-3Cr3A1-38n STCWA | 206 | 180 62 1656
0.063 in sheet
800°F -12h L STA 196 182 13 15.6
Intermadiste STCWA | 198 180 6.7 163
Strangth
T STA 200 188 5.5 15.8
STCWA 108 182 68 185
STA = Solution traated and aged. (Average of two specimens).
STCWA = Solution treated, cold worked snd oged. Reprasents “residual strangth” of material stretched nominally 8% to
simulate cold forming prior to aging. {Average of thres spacimans),
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Transverss

Figure 1, ~ Microstructure of 0.065 in. Beta~C sheet solutioned
1609°F for 30 minutes and air cooled. TLongitudinal
(upper) and transverse (lower) cross-sections. Note
rough surface. Mag 100X.

16

<

- .
L AL S ]

L -1
Sl

-,-:__-“ . ...

®

L



G

. cwE MW .

1 ¥sel - sdoT[e wniuelll B1aq oAl 10] SIInSaa 31537 an3rjey apnitfdwe jueisuol °g 2in314

17

an(rey 0} $9IA)
ol gt 0t o n_:s.
IT1r 1 1
1:____ I _:_:__ | TTT T 1 1 _:_
UNRY & &«
amjiey dug » Jor
NOUNY w—
=
=
I
=
s W
=
S
-
2
=
—mw =
nE
Lt
[ wupnySucy “w £900 =3'9Z =%
. o 10=4'2ZHSL Meqn LY
=% P
Nw o1 061 = ™4 RI-4,006 ‘0219 W=
s& 1 117 = P4 WE-1,008 WL V—— —
€ u
o0

#X 961 =3 WI—4006°CGHL O =-—= =
m1502 = V3 '®I-3058°E514L O

B
“
-+




Lol it Sh L SR

*T jSel - UOTITIUITIO -1 “3I23Ys YduT £90°0
USC-TVE-IIE-AST-TL ‘UOTSuoIXa YIBID SATIIIJII SNSIIA 4y - ¢ 3andrg

your ey Yot ‘ev
0 £0 0 10 0 ¥0 £0 zo 10 0
[ | T 1 e r T ] Y ot
2
w 681 0 Hor =1 961 A4 dor
< YZ11. 006 Py W1/4,058 Poly
a o
W o
52 s I
5% ks 9
-3 -3
109 409 <
3 N9 -
)
SN9 oz £ND —oz
NI
il PP —Jog
106 —1 D6




r
LY

L O

OF POCR QUALITY

ORIGINAL 7.0

- . _
. R b | @ .

*T jSel - UOTIBJUATIO T-1 °I93aYs ydur £90°0
TVE-IDIT~AET-T1L ‘UOTSUIIXI YOBID SATIVIIFS snsiaaa Uy - *¢ aand1g

19

P vy P ‘ey
¥a £0 4] 1o 0 1] £0 z0 (X] 0
f | T T ot [ 1 { | {1
Y 0z Ay o
R9E/4, 006 pely

iy By

e

. -
S h.r.ﬂ T




-
¥

,
?
i

TASK 2 -~ ROOM TEMPERATURE FORMABILITY STUDY

Forming trials for Ti-15-3 alloy were conducted for press bralke hending,
stratch prass, and hydropress operations, These three processes account for
the majority of formed sheet-metal parts on current airplanes, The forming
evaluation for the Beta~C was limited to developing optimum bending paraneters
for brake forming the hat-stringers for the task 6 panels,

Press Brake Bending

Minimum bend radius, springback, and bending strains were determined for
the Ti-15~3 material. Tests were conducted on two thickness of material,
0.040 inch and 0,080 inch, with the bend axis both parallel to the rolling
direction (L) and across the rolling direction (T). Bending was done in a
Chicago llydraulic press, Model 150-HF-8, using forming dies of the general
configuration shown in figure 5.

Generally, the minimum bend radius of a sheet metal is determined by making
bends of successively smaller radii until rupture occurs, and then reporting
the next larger bend radius, But the beta alloys, unlike most alpha or alpha-
beta alloys, exhibit a severe orange peel effect before rupture which makes
it difficult to establish bend ratings, For perspective, 0,063 inch
Ti-13V-11Cr-3Al beta alloy specimens with the 3.0t minimum bend radius gpeci-
fied in Mil-T-9046 were used as a visual puide for acceptable orange peel
appearance. After preliminary tests with standard l-inch wide specimens,
6-inch wide specimens having a bend span-to-thickness ratio of 75 for 0.80-inch
gage and 150 for the 0,040-inch gage were used to ensure a more representative
evaluatior of bending behavior. The specimens were bent through various angles
from 25 to 135 deg. with the following results:

Ti-15-3 Orange Pesl Appaarance for Given R/t Ratio
Grsin Gage ' Min Bend
Direction {in.) Qdto1.2 L6 2010 24 27 Radlus {r/t)
L&T 0.040 Heavy Heavy Light to Light 20
moderate
L4T 0.080 - Haavy Light 1o Light 20
moderste
Nots: No rupturs acourred.

The minfwum bend radius in terms of acceptable orange peel appears
conservatively to be about 2.4t for both gages of Ti-15-3, and bending
behavior was uniform with respect to grain direction,
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Springback information taken from l-inch wide specimens is shown in
figure 6. The springback increases with bend angle and radius, and is greater
in the thinner gage. Again, results were uniform relative to grain direction,

Circumferential strain after springback, as a function of bend angle and
radiug, was measured on the OD of 6-inch wide bends using an etched grid of
0.25~inch diameter circles, Figure 7 shows that the peak strain becomes nearly
constant at bend angles over 90 degrees and the tighter radii had higher strains.
The similarity of the curves for 2.0t and 2.4t is compatible with the similar
orange peel appearance results noted earlier.

Brake-formed Ti-15-3 Z and L sections in a free state were aged at 940°F
for 12 hours (optimum age determined in task 3) to measure aging effect on
dimensional stability of the bends. This information is useful in predicting
the need for forming compensations or heat-treat fixturing. As shown in table 8,
angular movement was only 2 degrees or leas, and in most cases the bend angle
decreased.

Room-temperature and warm-bending studies were conducted on the 0.065-inch
gage Beta-C. Room temperatnre tests were conducted to determine minimum bend
radius and springback for (L) and (T) bends. Results of 45-, 90-, and 135~
degree bends using 6-inch wide specimens are summarized in table 9. Visual
examination at 20X was very difficult due to the rough surface texture, there-
fore, bend quality was further evaluated by penetrant inspection and metallo-
graphic examination.

Selected cross-sections in the bend area are shown in figures 8 and 9.
These photomicrographs illustrate the difficulty in judging bend quality
due to the peor as~received surface condition. Minimu: bend radius appears
to be 4t for (T) bends and 6t for (L) bends, These results generally confirm
those reported by RMI (table 3;. They are considered further evidence of the
marginal ductility of this lot of Beta=C sheet, especitally in the transverse
grain direction (L bends). Springback increased with bend angle and radius
as expected,

Warm bending was done at 350°F and 420°F using heated dies to examine
the effect on bend radius and springback. Results of (L) and (T) 90-degree
bends using 6~inch wide specimens are give in table 10. Cross-sections of
warm bends to verify bend quality are also shown in figures 8 and 9. Accepta-
ble bend radius was effectively decreased from 4t to 2t for (T) bends, and
from 6t to 4t for (L) bends.

Stretch Forming
For the stretch-forming experiment, 36-inch long, 0.080-inch gage Ti-15-3

brake formed right angle sections were formed into heel-out angles as depicted
in figure 10, on a 60-ton Hufford press fitted with numerical control, Section

21
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height (H) wae varied to approach splitting and buckling limits. Only the
three runs presented in table 1) were conaidered satisfactory due to equip-
ment problems, The 28 percent maximum atretch is considered excellent.

Hydroforming

Hydroforming of 0,040-and 0,.080-inch gage Ti-15-3 was evaluated by forming
stretch and shrink flanges on each test blank to the test configuration of
figure 11, and adjusting the flange height to vary the severity of forming
strains. Form tooling is shown in figure 12,

The .primary hydroforming experiments were conducted in a production Verson
Wheelan press, using a maximum bladder pressure of 6000 psi which is the limit
normally permitted on this production equipment. The rubber blanket had a
Type=D Shore hardness of 45. Effect of a higher forming pressure was assessed
in a 1000~ton HPM Hydraulic Press (Guerin trapped-rubber process), using a

. pressure of 7800 psi and a rubber with Type-A Shore hardness of 80.

Test results are presented in table 12, and examples of acceptable and
unacceptable hydroformed test parts are shown in figure 13. The 0.080-inch
gage was more formable than the 0.040-inch gage achieving a maximum net
stretch of 20 percent comparad with 12 percent for the 0.040-inch sheet.

The prescribed shrink was not obtained because of a tooling error., Slightly
better forming quality was obtained using the Guerin process, indicating that
higher forming pressures are beneficial. Although forming limits were not
determined, these limited tests have demonstrated the adequate stretch flange
formability of Ti-15~3 sheet,

Comparison With Other Alloys

Table 13 gives a summary of the brake bend, stretchform, and hydroform
characteristics observed for Ti=-15-3 sheet. “n each case, they compare
favorably with the design limits of A40 grade commercially pure titanium
and Ti-6A1-4V,
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TABLE 8, - EFFECT OF AGING ON BEND ANGLE OF 0.080 IN,
T1~15-3 BRAKE FORMED PARTS

100 ™ 1.0 [=—1vp
"Wanal /J
{ ("
W ) '
1.5 In. 20 in.
L;
Length=16in, /a/
Length= 8 In.
Angle Change .
After Aging (Deg.)
Bend Angte End 1* End 2*

gt Punch Spacimen Band
(Dw.) Redius Config. Axis n 9 " o

46 2t z L +0.8 +1.2 +1.2 +1.2

80 kg | 2 L 0.8 1.3 0.9 1.2

80 p{| z T 1.4 +1.1 0.8 0

90 2.0 F L 1.2 1.4 -1.2 2.1

W 2.3‘ L L f°.1 . '0-2 .

m 2-7‘ z l +o.1 ".2 +‘.7 '0.5
135 2t F 4 L +2.0 +.5 04 408

*  Angle measured 1 in. from each end.
*s  Aging Treatinent: 840 °F for 12 hours.
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TABLE 10, ~ WARM BRAKE RENDING OF 0.065 IN, BETA-C SHEET
. Avnpge
Avarage Frsa | Spring:
Bend Bend Farming Bend Angle Back Visusl Examination Matallographic
AvisDir | Radiva | Temperstura (OF) |  (Dogross) {Dagrens) st 15X Examinatian
L 5.0t 360 a0 15 Accoptable Acceptable (Figura 8d)
4,0t 350 92 14 Apparent Separations | Acceptable (Figure 8a)
3.0t 350 88 12 Apperent Crack Unacceptahle Separation
(Figure 8f)
2.0t 350 80 § Cracked Cracked {Figure 8g)
2.0t 420 a0 7 Cracked Cracked (Figure 9h)
T 3.0t 350 83 " Accaptabls ' Acceptable {Figure Bd)
2.0t 350 87 8 Acceptable -
2.0t 420 90 8 Acceptable Accaptable (Figure 8s)
TABLE 11, - EVALUATION OF STRETCH FORMED SPECIMENS
Section Halght Stratch Percentage | Strain Rate,
Specimen No. {in.} Dirsction Stretch Min*1 Remarks
CLZ5 15 Longitudinat 8 0.013 Good part*
CT 21 20 Transvens 14 0.023 Good part*
cL21 35 Longitudinal 8 0.046 Good part except that harizontal
flange had slight wave and verticsl
flange drew into die block dus to
die block separation.®

*8light local distortion of ve; .ical flange attributed to inadegquats die pressure.
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ORIGINGL P, 1
OF POOR QuaLITy
TABLE 13, - ROOM TEMPERATURE FORMABILITY OF TITANIUM ALLOYS

Yield Siratch Hydrofarm Limit (%)
i Strength age Min Band Form Limit
_ Alloy (ksi) (in.} Radius % Strotch Shrink
TI163, 110 0.040 24 - 12 -
it -
— CPr, 40 0.040 .0 20 12 1.0
- ANN 0.080 o 20 12 1.5
=
= TiBAI4YV, 120 0.040 4Tt 7 8 1.0
o ANN 0.080 6.5t 7 8 -
.- ]
T
-
. ¢
: [
F
—
=3 Punch f
: Bend spaciman
E t
-} _"
.
—
—3 |
) A= 2408R + 2
- Female die
. S S——
=
-

Figure 5. - Brake bending die configuration.
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0.080 in.

Pdiuy
Aﬂtld of 0.26 in. dlameter

circles slectrostched on
outer swiface to
measure straing

Figure 10. - Stretch formed specimen configuration
(heel-out angle),
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Shrink Fisngs (typ)

Stratch Flange {typ)

0.25 r,
80-dey. (typ)

\wm {typ)

e

90R 750 R

Notas:

1. Dimensions in inches
2. Outside surface slectro
stchad with & grid of

0.125 diameter
tangentis circles
3. Swe Table 12,

Figure 1l1. - Hydroforming test configuration illustrating selected
locations for formability evaluation.
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TASK 3 - PROCESS OPTIMIZATION

Aging Studiens

T1-15~3 and Beta-C are air-hardening metastable beta compositions that
are very formable in the solution-treated (annealed) condition. Precipitation
hardening occurs on direct aging from the annealed condition by decompogition
of beta to alpha. The heat treatment objective was, therefore, to obtain a
combination of cold formability in the annealed condition with subsequent
aged properties suitable for the intended Mach 2.7 service. With the program
directed toward wing upper surface panels, the mechanical property goals favor

high compressive strength and modulus. Heat treat variables were the aging
temperature and time.

Ti-15-3. - Task 1 screening tests at tensile strength levels of the order
of 200 ksi indicated possibly marginal ductility and toughness with some
degradation of notched fatigue strength. Therefore, a lower-strength aging
treatment seemed appropriate. Using the task 1 results along with aging data
from references 4 and 16 as a guide, the aging cycle selections were 9250F
for 8 and 12 hours and 950°F for 12 hours. To represent forming effects,
‘prestrains of nominally 10 percent stretch and 2.5 percent shrink (compreasion)
were included. Prestraining was accomplished on individual specimens in
static test machines, 'then the test coupons were finish machined from the
strained section. Evaluations consisted of tension and compression testing at
room temperature and 600°F, plus metallurgical examination.

YRR R T o

Tensile property data are listed in tablee 14 and 15, and plotted in
figure 14. Compreasive properties are listed in table 16 and plotted in
figure 15. All three aging cycles gave suitable property sets at room and
600°F test temperatures. The ultimate tensile strength retained at 600°F was
particularly high. Aging 950°F for 12 hours shows slightly more tensile
ducrility with a corresponding lower strength than the 925°F, 8- and 12-hour
treatments. Alsoc the 9509F, 12-hour age shows less difference in strength
between nonstrained and prestrained conditions, probably reflecting a fuller
degree of aging than the two 925°F aging cycles. Modulus was essentially the
same for the three aging cycles, both in tension and in compression.

d
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Examination of the microstructures revealed the desired fine, homogeneous
precipitate distribution for each of the aging cycles. Figure 16 shows
typical structures for the 925°F, 12~-hour age. The prestrained material
revealed & worked structure indicative of slip deformation, and the 600°F
tensile specimens showcd no evident microstructural changes.

From the above evaluation, a 940°F, 12-hour aging cycle was selected for
the Ti-15-3 alloy. Test data show that satisfactory mechanical properties
can be expected given a normal aging temperature variation of +10°F.

AP T ey et v
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Beta-C. -~ Table 17 gives some preliminary 8~hour aging data at
950-1050°F in 259F increments developed by RMI Company for this lot of
materfal, Infericr tranaverse ductility found in the solutfon-treated condi-
tion is evident again in the asclution~treated and aged condition, From these
data, aging temperatures of 1000°F and 1025°F were selected for further evalua-
tion. Five percent minimum elongation in the transverse direction was
selected as a target. Room temperature and 600°F tensile properties, r.
temperature compressive properties, and microstructures were evaluated.

Tensile property data are listed in tables 18 and 19, and plotted in
figure 17. Compression data are given in table 20 and figure 18. Tensile
ductility, tenaile modulus, and compressive modulug were relatively consistent
among the four aging cycles, i.e., 1000°F and 1025°F for 6 and 10 hours. The
higher-strength 1000°F age appears more attractive in view of the superior
strength retention at the 6Q0°F teat temperature.

Microastructures were similar for the four aging treatments. Figure 19
shows a typical well-dispersed precipitate distribution, in this case for the
10009F, 6-hour aged Beta-C. With reference to the duplex beta grain size
(refer also to as-solutionéd structure in figure 1), the large elongated
grains evidently promoted denser nucleation, indicating a higher residual work
content in these large grains. Partial recrystallization could account for
the smaller, more equiaxed grains.

Based on the foregoing aging temperature/time evaluations, 1000°F for
8 hours was selected as the aging cycle for the Beta-C. Test results for 6
and 10 hours indicate that 8 hours will produce acceptable strength-ductility
levels coupled with heat treat economlcs of lower temperatures and shorter
aging periods.

Forming Limit Diagram (FLD)

This punch-stretch technique for laboratory formability evaluation was
developed by Hecker (references 21 and 22), and it has been used by other
investigators for evaluating the formability of steel, brass, aluminum, and
titanium alloys (references 23 and 24). The FLD may be used to characterize
limiting strains under the influence of uniaxisl or biaxial straining. In the
diagram, major strain is defined as the largest increment of deformation in
the formed area and minor strain as the corresponding increment of deformation
normal to the major strain.

An FLD was developed for th. .080-inch Ti~15-3. Steel tooling conform-
ing to the dimensions in figure 20 was used, and the punch loads were applied
in a hydraulic tensile test machine. The forming limit curve was generated
by using square specimens and increasing lubrication on the positive minor
strain side, and by decreasing specimen width using dogbone specimens for
the negative minor strain side. Strain measurements were taken from an
etched grid pattern of 0,125-inch diameter circles on the teat blanks.

Figure 21 shows typical Ti~15-3 tested specimens,

37

R L

RCT YRS

.
e o s
i




The FLD is plotted in figure 22. Little difference waa seen between the
two punch speeds that were used, and a limit tension strain of about 28 per-
cent ia indicated near the uniaxial strain condition (ep = 0), In figure 23
the FLD boundary zone is compared with some actual forming atrains from task 2,
and with forming limit curves recently developed by Battelle for various
alloys. Reasonable correlation is seen between FLD limit strains and the
forming strains for 2t bends and the stretch-formed flange with 3.5 iuch flange
height. Bydroforming results fell considerably below the FLD limit, and it s
conceivable that higher forming pressures would improve the hydroformability
of Ti~15~3. Good agreement with Battelle's Ti-15~3 curve is seen, and the
formability of Ti-15-3 appears to te comparable to 2024-¢ aluminum and much
better than annealed Ti-6Al-4V.
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TABLE 14, -~ ROOM TEMPERATURE TENSION TEST RESULTS OF 0.080 1N,
Ti-15-3 SKEET, LONGITUDINAL GRAIN

(\Pragtrain, Porcant
Aged Speciman (+) Tansion

Condition No.(2) () Comprension Fy tkst) Fry (ksl) o (%) E (Ms)

8269F .8 £ No Prestrain 180 164 8.5 18,2

8259 -gn T4 No Prestrain 181 165 100 11
! 925%F .12n T No Prestrain 1%, 172 15 15.2
f: 826°F -t2n T2 No Prastrain 188 m 8.0 14.6
' 950°F -12n TS No Prestrain 176 181 no [ 1q

850°F -12h T8 N Prestrain 176 164 10.0 14.6
826°F -8 T3 +95 184 179 80 | 160
- 926°F .gh 4 +10.0 197 181 8.0 15.4
! 826%F 124 ™2 +95 196 182 80 154
1 960%F -12h T +10.0 180 170 110 14.8

] 950°F -12h 116 +100 186 172 10,0 14.8

925%F 8h TCS 20 176 166 11.0 150

926%F -8h TCE -2.6 176 166 8.0 160

9826°F -12h TC3 -3.0 179 167 120 164

926%F -12h TCA -2.5 179 168 12,0 15.0

860%F .12 TC? -20 m 161 100 15.0

960°F -12h TC8 20 176 160 13.0 15.0

msmlnld prior to aging. Nonstrained specimens hed 0.500 in, wids guge saction; others ware 0.250 in.

‘z’Splcimm Configuration: Figurs A1
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TABLE 15. - SHORT TIME TENSION TEST RESULTS OF 0.080 IN.

Ti-15-3 SHEET AT 600°F, LONGITUDINAL GRATN

(1)Prostrain In
Aged Specimen Tansion,
Condition o, (2} Porcent Fru (kei) Fry (kel) o (%) £ (Msi)
926°F 8h ™ No Prastrain 160 138 15 12.8
§25°F 8h ™ No Prastrain 189 138 7.0 123
9259F .12h T No Prestrain 162 140 7.0 13.2
925%F 12h T8 No Prestrain 162 142 7.0 12.8
960°F 120 ™m No Prestrain 163 133 8.0 123
96U%F -12h T2 No Prestrain 154 132 8.6 13.1
926%F 8h T 106 178 148 104 134
926%F 8n TT10 100 179 152 8.0 1“4
926°F -12h ™m 100 m 151 9.0 134
926%F -12n TT8 9.6 m 154 9.0 13.6
950°F -12h ™ 100 168 143 10.0 13.3
950°F -12h ™2 100 167 140 9.0 13.8

‘"Straimd prior to eging. Nonstrained specimans had 0.500 in. wide gage section; others wars 0.250 in.

‘2'S|mimon Configuration: Figure A1
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TABLE 16. ~ COMPRESSION TEST RESULTS OF 0.080 IN, Ti1-15-3 SHEET

AT ROOM TEMPERATURE AND 600°F, LONGITUDINAL GRAIN

(1)Pragtrain in
Aged Spxcimen Tt Tension,
Condition No.(3) Temperature Parcont Fey (k) E (Msi)
8269F -8h c1 Room No Preatrain 174 15.2
826°F 4 c2 Room No Prestrain 177 15.2
£269F -12n c3 Room No Prastrain 1 15.2
925%F -12h ce Room No Prastrain 178 15.6
950%F -12h cs Room No Presitain 170 16.2
950%F -12h ce Room No Prastrain m 164
926°F -gh [ § Room 105 Buckled 15.0
826%F 8h cT2 Room 10.0 Buckled 150
926°F -12h cT3 Roam 100 192 156
925°F 124 cT4 Room 105 193 15.1
950°F -12h CcTs Room 100 184 15.0
950%F -12h CT8 Room 1.0 185 16.2
9269 8h c7-a'2 600°F No Prestrain 145 15.0
9269 .12h ¢o-c102 600°F No Prastrain 150 16.1
950°F -12h c1.cr2fd 600°F No Prastrain 143 15.0
925°F .gh crrgral® 600°F 10.6 162 1“4
8259 -12 cTa-¢T101? 600°F 100-106 181 14.8
850°F -12 crigri2@ 600°F 105 162 147
i 'Stuintd prior to eging.
mPnlud spscimens butted side-tosids In comprestion fivcurs. Specimnng had to be ramachined and tosted in this
mannes since the originally Intended fixture was not avatiabls,
mSplclmln Configuration: Figury A2
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TABLE 17, ~ PRELIMINARY AGING RESPONSE OF 0,065 IN, BETA-C SHEET,

HEAT NO. 801008 (SOURCE: RMI)

Aging Trastment Dir Fyy (ki) Fry (kel) o (%)
: 850%F-8h - A.C, L 185.6 mae B.S
: L 1854 178.7 5.0
T 198.7 178.5 3.5
T 185.6 1775 35
876%F -8h - ALC. L 180.6 1730 80
L 187.8 167.7 6.0
T 192.0 173.0 35
T 1811 1735 4.5
1000°F—8h = A.C. L 184.3 159.6 176
- L 178.7 158.8 7.1
T 1849 166.6 45
~ T 103.4 166.5 475
‘ 1026%F~8h — A.C. L 175.0 165.5 8
— L 1747 155.5 8
- T 1735 168.5 8
— T 124.2 168.5 65
: 1050%F—8h - A.C. L 167.7 148.2 8
- L 184.3 144.6 8
S
=~ T 167.2 1479 6.5
- 3 T 1678 1495 6.6
K
B
=
-
»
)
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TABLE 18, - ROOM TEMPERATURE TENSION TEST RESULTS OF 0.065 IN. BETA=C SHEET
n
Aged Condition Dir Fey (ksl) Fry (ksi) o (%) Eapp (Msi}
, 1000°F -6h L 176 161 8.6 16.3
| L m_ AL L] 154
™. 1766 161 85 16.3
: T 123 160 6.0 166
; T 174 161 5.5 164
* I s o ] 54
g, 174 181 5.5 155
. 1000°F -10h L 181 166 8.0 159
. L 183 167 15 16.1
; avg. 182 168.5 17 16.0
T 181 168 40 16.0
T 184 170 6.0 166
I k] m 50 158
avp. 183 170 5.0 16.8
1025°F -6h L 173 158 8.0 16.7
. L 169 154 k1] 15.4
4 Wy 1 156 8.5 15,5
4 T 167 156 5.5 155
T 1m 160 8.0 16.0
} wg. 170 157 5.7 16.7
|
r
1025°F -10h L 1m 168 85 16,5
L m 169 15 16.7
avy. 172 168.6 840 166
T 174 181 6.0 169
. 132 L. 85 187
wg. 173 160.5 6.2 16.8
(1)8pecimen Configuration: Figure Al

B o e
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TABLE 19, ~ SHORT

TIME TENSION TEST RESULTS OF 0.065 IN, BETA-C SHEET AT 600°F

{n
Aged Condition Dir Fey {kei} Fty (ksi) ¢ {%) Eopp (Msi)
10009F -gh L 164 136 78 127
L 188 13 20 35
g, 168 137 8.2 13.8
1000°F -100 L 166 138 8.0 13.6
L 16 m ] las
"y, 187 140 8.5 14.0
1025°F -6h L 154 126 9.6 135
L 153 125 k1] 14.0
avg. 1536 1255 9.2 137
1025%F -10n L 157 120 9.0 14.0
L 158 30 25 138
avy, 1578 1206 9.2 139

{1} Spacimen Configuration: Figura A1
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TABLE 20, - ROOM TEMPERATURE COMPRESSION TEST RESULTS
OF 0.065 IN. BETA-C SHEET
{1
Aged Condition Dir Foy (kel) Eqpp (Msl)
1000°F -6 L 164 138
L 18 139
». 183 138
T 168 146
I . 14
. m 144
1000°F -10h L 170 14.0
L 170 142
m. 170 4.1
T 178 148
T 173 140
awp. 174 M4
1026°F 6h L 158 140
L ez 42
™. 160 149
T 169 14.2
L LI 50
g, 168 14.6
1025°F -10h L 161 14.7
L LN 135
vy, 160 1.1
T 17 %
- LI J47
. 1745 14.7

{1) Specimen Configuration: Figure A2
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TASK 4 = IATERIAL CHARACTERIZATION

The effacta of forming, joining, and supersonic cruise environment on
8tructural performance of the Ti-15-3 and Beta-C sheat have been studiea. To
simulate cold forming strains, sheet stock in the form of large dogbone panels
having a l-inch square grid scribed over the reduced area to measure elonga-
tion, were stretched in a Universal teat machine. Plastic strain levels in
the test coupons machined from the test section of the panels ranged from

over a 4-inch gage length. A typical Ti-15-3 stretched panel may be viewed
in figure 24.

Parent, isothermal brazed, simulated braze cycle, and TIG welded specimens
from both nonstrained and strained sheet were tested in the aged condition,
using the optimum aging cycles developed in task 3, i.e., 9400F-12h for
Ti-15-3 and 1000°F-8h for Beta-(. All test specimens were aged in either
argon or vacuum atmospheres, Brazing employed 3003Al braze alloy and a peak
temperature of 12750F. The test Program included smooth and notched tension,
compression, creep, smooth and notched fatigue, brazed lap shear fatigue,
fracture toughness (R-curve), and fatigue crack growth (fcg). Test temper-

atures were =-65°F, RT, and 600°F, as stipulated for a Mach 2.7 supersonic
cruise vehicle (ScV),

Tension and Compression

Tests were conducted according to standard ASTM procedures. Conventional
radiant heating was used for the 600°F dpecimens as provided by a resistance-
wound furaace. The -65°F specimens were cooled within a chamber by vapori-
2ing liquid nitrogen. Strain rate for tensile tests was 0.005 min-1 to yield,
then about 1 minute to failure., A strain rate of 0.005 min=] was used tor

=65"F and RT compression tests, and 0.002 min~! for the 600°F tests,

The test results are listed in the following tables, and the average
Properties are cowpared graphically in the figures:

RT tension, Ti~-}5-3 - table 21, figure 25
-65°F tension, Ti-15-3 - table 22, figure 26
600°F tension, Ti-15-3 - table 23, figure 27
RT tension, Beta-C ~ table 24, figure 28
-65°F tension, Beta-C - teble 25, figure 29
600°F tension, . .ta-C - table 2¢, figure 30
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RT compresaion, Ti-15-3 ~ table 27, figure 31
~65°F compreasion, Ti-~15-3 ~ tabhle 28, figure 32
600°F compreasion, Ti-15-3 - table 29, figure 33
RT compreasion, Beta-C - table 30, figure 34
-65°F compression, Beta=C ~ table 31, figure 35
600°F compression, Beta-C - table 32, figure 36

Consistent trends may be noted from these static test data:

e Tensile prestrain {cold work) enhances aged atrengtl of Ti-15-3 and
Beta~C with little loss of ductility (tensile). The strength
increases were greater in the direction normal to the prestrain
direction. No Bauschinger effect (loss of compressive yield strength)
was noted in either alloy when aged after the tension strain.

o The simulated brazing cycle prior to aging resulted in a small
strength loass preaumed due to overaging. Tensile prestrain prier to
the brazing cycle further reduced strength in the direction of prestrain
on subsequent aging. Compreasion tests of the Beta-C alloy show,
however, that strength increases can occur in the direction normal to
the prestrain. The kinetics of these combined prestrain/brazing effects
need to he metallurgically investigaced,

e Actual brazed (composite) specimens of either Ti-15-3 or Beta-C to
Ti-6-4 displayed properties intermediate to those of the two alloys
joined, as expected.

e Welded and aged Ti-15-3 sheet exhibited full joint efficiencies. Cold
work after welding reduced subsequent aged tensile strength but appeared
to have little effect on compressive yield strength.

e Tensile and compressive modull for a given alloy remained fairly
consistent for the various processing conditions tested.

Notch Tension

Sharp notch tensile strengths for Ti-15-3 and Beta-C are compared at
three test temperatures, in table 33. Tests were conducted according to
ASTM E338. Notch radius vavied rather widely from the specified radius of
0.0007 inch maximum, so the actual radius and calculated Ky factor are given
for each coupon. Despite the variatlon in K., certain trends are seen, Ti-15-3
showed higher notch strength and notch strength/yicld strength ratios (NTS/YS)
than the Beta-C at all three teat temperatures. For a given alloy, the
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notch atreugchg were reasonably aimilar at ~65°F and room temperature, and
highest at 690 F, while N18/YS ratio increasea with test temparature. Notch
8L .gths were also fairly uniform with reapect to grain direction, Prestrain
otnérally lowered the notch strength of both alloys.

Creeap

Table 34 aummarizeg results of creep tests of 500 hours duration at 600°F
and applied stress levels of 50 and 75 kei. Test procedures of ASTM E139-79
recommended practice were followed. The Beta-C alloy showed lower minimam
c¢reep rates and produced leas creep at both 8tress levels than the Ti-15-3
alloy for comparable material conditions, However, the composite specimens
of either Beta-C or Ti-15-3 when brazed to Ti-6A1~-4V displayed equivalent
creep strength, The Creeép properties of the brazed (composite) specimensg
appeared to be strongly influenced by the Ti-6A1-4V portion of the composite,

Ti~-15-3, the cxeep strengths show an almost inverse relation to degree of
overaging (or strength level), for the various Processing conditions. That
is, the highest strength cold worked Plus aged material had the lowest creep
strength, while the braze cycle or cold work Plus braze cycle before aging
lowered aged tensile strength (overaging effect) but were beneficial to creep
strength. Minimum creep rates for the Beta-C were identical with or without
the braze cycle prior to aging.

All creep specimens were tensile tested at room temperature after creep
exposure, Table 35 Compares tensile properties of exposed and unexposed

Fat{igue

Room temperature constant amplitude fatigue data for unnotched (K _=1.0),
liolz notched (K =2.6), and brazed lap shear tests of the Ti-15~3 ang Beta-C
alloys are detafled in table 36. The tests were run at an R-ratio of 0.1,
and a frejuency of 10 Hz for the lap shears and 15 Hz for the others,

The parent metal §-N curves are plotted in figures 37 (K¢=1,0) and 38
(Ke=2,6). Ti-15-3 was superior to the Beta-C for both smooth and notched con-
ditions, However, the abnormally rough surface texture and nenuniform grain
the fatigue behavior, Also tension and bend tests of the Beta-C have shown

inferior ductility {n the transverse grain direction, Note that somewhat
inferior fatigue performance for transversge K¢=1.0 Beta-C specimens is geen
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as well, In figure 26 a previous curve from task 1 (8creening) of 0,063 inch
T1-15-3 with K¢=2,6, 1z included. Resulcs for the 0.080-inch Ti-15-3 are com-
parable, which tends to ecenfirm a particulariy high endurance limit at K =2.6
for T4-15~3 sheet product.

8N fatigue curves showing the effects of proccrsing variants on notched
fatigue characteristics of Ti-15-3 arc presented in figere 39. Low-cycle
notched fatigue behavior of Ti~15~3 in various conditions was consistent with
Lockheed reference curves for Ti-6-4, The parent Ti-15~-3 STA material displays
superior high-cycle fatigue strength, while brazing and cold work processes
lowered the fatigue endurance strength.

Uanotched fatigue curves showing effects of processing are plotted in
figure 40. Here, brazing and welding lowered fatigue strength of Ti~15-3, but
cold work appears to enhance fatigue endurance strength considerably. Cold
work after welding, however, had a minor adverse effect.

Constant amplitude fatigue test results of single overlap isothermal brazed
joints are plotted in figure 41, The S-N curves for either Ti-15-3/Ti-6-4
joints or Beta-C/Ti-6-4 joints are in good agreement with reference curves
shown for weld-brazed joints taken from NASA-Langley and Northrop Aircraft
programs.

Failure at high cycles of the braze lap-joint specimens typically propa-
gated through the beta alloy sheet at the edge of the overlap (exception
specimen No. 11-3). Two of the Ti-15-3 and two of the Beta-C failures,
figure 42, were examined, Significant observations made on these samples are
summarized below,

Optlcal metallography and SEM fractography revealed multiple crack origins
along the braze interface in all specimens. Some of the origins were located
around voids in the braze, and some cracks originated within the braze or at
the braze fillet. The Ti-Al intermetallic layer formed at the braze interface
was found to be around 0,0001-0.0002 inch thick. Although some small grain
boundary (secondary) cracking was present in the Ti-Al layer, no cbvious
crack origins were found there. Previous work at Nortbrop on weld-brazed
Ti~0Al-4V joints {Ref. 25) revealed fatigue cracks originating from the
brittle Ti-Al layer which was about 0.0005 inch thick. Furnace brazing with
404341 braze alloy was used in that program. The thinner Ti-Al intermetallic
layer formed in the isothermal brazed joiuts appears to at least minimize
fatigue crack initiation in this layer.

Faclgue crack propagation in the Ti-15-13 or Beta-C sheet was for the most
part transgranular: however, in places, the crack followed the grain boundary
alpha precipitates. This can be seen in figure 43 for the Ti-15-3 and
figure 44 for the Beta-C. The heating and cooling cycles that the beta alloy
unde rgoes during brazing and subsequent aging appeared to cause precipltation
of a semicontinuous alpha film along a grain boundary denuded zone presumed to
be beta. Tt was reported above that the brazing process reduced fatigue
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strength of unnotched (K _=1.0) and notched (X =2.6) T1~15-3 specimens compared
with the parent material. Metallurgical evidince now suggesats that the
brazing cycle increased growth of the grain boundary alpha film, resulting

in integranular crack propagation which could be a factor in reducing fatigue
strength, It 1a believed that shortening the time at temparatures above the

aging temperature during the brazing cycle would produce more desirable aging
response,

Fatigue Crack CGrowth

Fatigue crack growth tests of Ti-15~3 were carried out in ambient air and
a continuously flowing 3.5% NaCl solution, using compact tension (CT) specimens
per ASTM E561-78T (figure A7, appendix). All tests were conducted according

to ASTM E647 in a closed-loop electrohydraulic MTS fatigue machine at a fre-
quency of 6 Hz and R=0.1.

Figure 45 compares fcg ratea (da/dN) of Ti-15-3 in air and saltwater,
figure 46 compares nonstrained material in two directions, and figure 47
compares prestrained material in two directions. The fcg rates of Ti-15-3
were insensitive to the saltwater environment and showed no discernible effect
of directionality, Both of these findings corroborate earlier Timet results
(ref. 4). Also, very similar crack growth behavior between nonstrained and

prestrained material i1s seen in both L-T (figure 48), and T-L (figure 49)
orientations,

Fracture Toughneas (R=-Curve)

Tests were conducted according to ASTM ES61-78T recommended practice using
compact specimens (figure A7, appendix). The specimens were tested in a
closed-loop electrohydraulic MTS fatigue machine, using antibuckling guides,

at a head defection rate of 0.025 inch per minute. (One specimen, K-7, was
inadvertently tested at 0.05 inch per minute).

R-curves for nonstrained and prestrained (cold worked) Ti-15-3 are compared
in figure 50. Crack growth resistance parameter, Kp, is plotted against crack
extension as the precrack is driven stably under increasing crack extension
forces. Pronounced differences in KR behavior of the nonstrained and pre-
strained material are seen. The lower fracture resistance is believed related
to both the higher strength level and reduced plasticity-as a result of cold
working. The differences in Ky appear much greater chan differencqs indicated
earlier in notch tensile behavior. This suggests the need for Kp as well as
notch tensile or KIc data in assessing residual strength of damaged structure
in thin gages that are typical of real aircraft structure.
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TABLE 2. ~ ROOM TEMPERATURE TENSILE PROPERTIES OF Ti-15-3
WITH VARIOUS PROCESSING CYCLES

Spac, Tt | Prestrain Fuu Fry ’ Eapp
No. {4 Condition Dir Dir {ksi) (ksi) ) (Msi}
14 STA L - 176 181 12 15.0
76 STA L - 175 158 12 15.1
16 STA L - 176 1681 n 16.2
avy, L - 176 160 12 15.1
1LY ST+CW+A L L 180 - g 14.2
TAS ST+CW+A L L 188 173 7 145
awg. L L 185 173 8 144
8A-1 ST+CW+A L T 193 181 1 145
BA-2 ST+CW+A L T 184 183 7 14.7
BA-3 ST+CW+A L T 196 184 6 14.7
avp, L T 94 182 7 14.7
116 ST + Braze (Ti-15:3/Ti-6-4) + A L - 155 14 13 15.2
117 ST + Braze (Ti-15.3/Ti-6-4) + A L - 154 146 12 161
1-38 $7+ Braze (Ti-15-3/Ti-64) + A L - 150 136 14 15.0
vy L - 153 138 13 15.1
1256 ST + Braze Cycle + A L - 165 151 10 14.4
7-28 ST+ Braze Cycle+ A L - 164 149 10 14,7
127 ST+ Braze Cycle+ A L “ 165 150 10 141
Wy L 165 150 10 14.4
71A-3 ST+ CW <+ Braze Cycle + A L 1 h 151 137 14 14.7
705 ST+CW+ Braze Cycle + A L L | 148 134 15 14.9
avy. L L 150 136 15 14.8
81 STA T - 18 168 10 15.7
83 STA T - 181 168 10 158
a4 §Ta T - 177 164 7 14.8
avg. T - 180 167 9 154
8B-8 ST+CW+A T T 186 168 1 14.6
a8-10 ST+CW+A T T 183 16?7 ? 143
avy. T T 185 168 ? 14.4
7E-1 ST+CW+A T L 195 - ? 145
TE-2 §T+CW+A T L 197 187 6 14.2
71E-3 ST+CW+A T L 200 188 6 15.0
g T L 187 188 [} 14.6
w1 ST+Wald+A T - 181 169 7 155
w2 ST+Weld+ A T - 183 {1) m ? 15.1
w3 ST+ '"ald+ A T - 183(1) 110 8 154
avg. T - 182 170 7 153
1 ST+Weld+CW+A T T 64 (2) 180 8 144
22 aT+Wald+CW+ A T T 164 {1) 148 7 1.0
23 ST+Wald+CW+A T T 164 (3) 162 ] "4
vy T T 164 160 6 143
{1) Fuiled in parent metel B
(2} Failad in wald
{3) Failed edge of weid
{4) SpacimenConfiguretion: Figure A1
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TABLE 22. - -65°F TENSILE PROPERTIES OF Ti-15-3 WITH

VARIOUS PROCESSING CYCLES

Spec, Test Prastrain Fu Fry ] Eepp
No. {1} Condition Dir Dir {ksi) {ksi) %) {Msi)
71 §TA L - 194 183 8 16.2
72 §TA L - 186 186 10 16.2
13 STA L - 187 188 ] 16.2
g L - 186 186 ] 15.2
1A7 ST+CW+A L L 207 184 7 168
7A10 ST+CW+A L L 184 m 7 18.8
g L L 200 185 7 16.3
713 ST + Braze (Ti-15-3/Ti-64) + A L - 174 164 10 18.7
714 ST + Braze (Ti-18-3/Ti-6-4} + A L - 174 165 10 16.2
715 ST + Broze {V'1-15-3/Ti-6-4) + A L - 172 162 1 18.1
wy, L - 173 164 10 18.3
122 ST+ Braze Cycle + A L - 186 13 8 169
7.23 ST + Braze Cycle+ A L - 186 176 ? 18.1
7-24 ST + Brazs Cycle + A L - 185 176 8 15.6
we. L - 185 175 8 15.9
m ST+ CW+ Braze Cycle+ A L L 172 163 1 15.8
703 ST+ CW+Braze Cycla+ A L L 188 159 8 16.1
g L L 170 161 8 15.8

(1) Specimen Canfiguration: Figurs A1
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TABLE 23. - 600°F TENSILE PROPERTIES OF T1-15-3 WITH
VARIOUS PROCESSING CYCLES

Spec. Tost Prestrain Fiy Fey ] Eapp
No, (2 Condition Dir Dir {ksi) (ksi} {%) (Msi)
1 STA L - 150.8 1299 8.0 {1
18 STA L - 150.8 131.8 1.0 {1
19 STA L - 160.7 130.7 15 (1
g L - 150.8 130.8 1.5 (1)
i TA-1 ST+CW+A L L 162.4 128.9 1.0 134
1A-4 ST+CW+A L L 166.7 143.1 8.0 13.5
g L L 159.6 1368.5 9.5 134
7-18 ST+ Braze {Ti-15-3/Ti-6-4) + A L - 124.3 103.6 10.0 13.5
119 ST + Braze (Ti-15-3/Ti-6-4) + A L - 116.4 878 1.0 12.0
' 140 ST + Braze (T1-16-3/Ti-64) + A L - 123.3 1028 11.0 13.2
' ™y, L - 1213 101.3 10.7 129
: 1-28 ST + Braza Cycle + A L - 142.0 121.0 8.0 13.1
1-29 ST+ Braze Cycle+ A L - 141.9 120.2 10.0 13.1
730 ST + Braze Cycla+ A L - 138.2 120.3 9.0 1341
wy. L - 141.0 120.5 9.3 13.1
104 ST+ CW+ Braze Cycte+ A L L 121.% 108.2 1.0 138
7D-6 ST+ CW+Braze Cycle+ A L L 125.5 108.6 13.0 132
vy L L 126.5 107.9 12.0 13.6
8.5 STA T - 166.3 137.8 1.0 (1 J
8.6 STA T - 1559 1374 1.0 {1}
avg, T - 166.1 137.8 1.0 (1)
889 ST+CW+A T T 164.5 141.3 8.0 13.7
88-11 ST+CW+A T T 169.8 135.8 B0 13.6
W, T T 162.2 138.6 8.0 13.6
{1} Not obtained
{2) Spacimen Configuration: Figure A1
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TABLE 24, - ROOM TEMPERATURE TENSILE PROPERTIES OF BETA~C
WITH VARIOUS PROCESSING CYCLES

— e )
Spec. Test Prastrain Fry Fyy ] Eapp
Na. (1) Conditian Oir Dir {hsi) (ksi) (%} (Msi)
14 STA L ~ 193 17 7 16.5
1.5 STA ) 190 175 4 15.2
16 STA L - 191 178 1.5 16.7
avg, L - 19 176 8 15.5
1c1 ST+CW+A L L 194 178 6 16.0
_ 103 ST+CW+A L L 196 177 6 15.5
- 1C5 ST+CW+A L L 198 180 6 16.1
avg. L L 196 178 6 16.9
1-34 ST + Braze (Beta-C/Tiv4) + A L - 158 145 10 149
138 ST + Braze (Beta-C/Ti-6-4) + A L - 161 152 12 150
— 327 ST + Braze (Beta-C/Ti64) + A L - 159 149 1" 15.3
avg. L - 159 149 1 15.1
1.44 ST + Braze Cycle + A L - 174 162 9 15.0
- 145 ST + Braze Cycle + A L - 178 164 ] 16.2
E avg. L - 176 163 9 16.1
- 106 ST + CW + Braze Cycle + A L L 174 160 3 16.2
3 18 ST + CW + Braze Cycle + A L L 165 152 [} 15.2
= 1C10 ST+ CW + Braze Cycle + A L L 164 152 8 14.6
avg. L L 168 155 9 15.0
163 STA T N T 177 3 16.0
B 164 STA T - 190 179 5 16.0
R 165 STA T - 190 178 45 159
— avg. T - 189 178 4.5 16.0
— 181 ST+LW+A T L 198 188 F} 15.6
= 182 ST+CW+A T L 198 189 3 158
—a 183 ST+CW+A T L 200 189 2 15.6
=1 avg T L 199 | 189 | 4 156
. {1} Specimen Contiguration: Figure A1
- - = —— —— —— ——
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TABLE 25, - -65°F TENSILE PROPERTIES OF BETA-C WITH
VARIOUS PROCESSING CYCLES

T TS e e gl wiém

e RS

ol PR PETETN W RAR R LT REERAREE r SRR - dRRRLTE

Spee, Test Prestrain (™ Fry . Espp
No. (1) Condition Dir Dir (ksi {ks) (%) (Mai)
141 STA L - 214 206 3 15.6
1.2 STA L - 207 208 § 16.6
1-3 STA L - 217 210 3 15,6
vy L - 2168 207 37 16,5
1A1 ST+CW+A L L 214 - 4 168
1A3 ST+CW+A L L 212 m 4 16.6
1A4 ST+LW+A L L 217 207 3 14.9
avg. L L 21 204 4 16.0
1.33 ST + braze (Bota-C/Ti64) + A L - 178 168 8 164
148 ST + Eraze {Beta-C/TiG4) + A L - 172 185 ] 16.7
326 ST + Braze (Beta-C/Ti64) + A L - 179 173 7 16.3
avg. L - 176 169 8 16.5
142 ST+ Braze Cycle+ A L - 198 193 5 15.0
143 ST + Braze Cycle + A L - 201 186 5 158
avg. L - 194 154 5 154
1A6 ST + CW + Braze (Bete-C/Ti-64) + A L L 174 165 9 15.7
1A8 ST + CW + Braza (Beta-C/Ti-64) + A L L 175 166 16.6
avp. L L 174 166 9 16.1
{1} Specimen Configuration: Figurs A1
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TABLE 26. - 600°F TENSILE PROPERTIES OF BETA-C WLTH

VARLOUS PROCESSING CYCLES

Spec. Tast Prastrain Fiu Fiy ) Eapp
No. (2) Conditian Dir Dir {ksh) (ksi) (%) {Mai)
17 STA | L - 1728 | 1319 TR
18 STA L - 1744 139.9 5.0 (1
19 STA L - 1738 1420 6.5 {n
g L - 1738 130.6 5.3 (1)
1€:2 ST+CW+A L L 174.6 4 1.5 13.7
1C4 ST+CW+A L L 176.4 145.0 15 13.8
1A-2 ST+CW+A L L 1728 142.2 8.6 13.5
ng. L L 174.6 1429 18 13.7
13 ST + Braze (Beta-C/TI64) + A L - a2 | 1073 N 133
140 ST + Braze (Bets-C/TiS4) + A L - 130.0 104.5 1.0 134
141 ST + Breze (Bota-CiTiB4) + A L - 1339 1079 120 134
wg L - 131.7 108.6 1.3 134
148 ST + Braza Cycle + A L - 1620 132.5 8.0 14.0
147 ST + Braze Cycie+ A L - 168.4 129.6 8.0 139
. L - 160.2 131.0 8.0 14.0
1C-7 ST + CW + Braze Cycle + A L L 144.7 1201 8.0 13.7
1c9 ST+ CW + Braze Cycle+ A L L 142.8 1194 120 137
wyg. L L 146.3 120.0 10.5 13.7
1466 STA T - mai 142.2 40 (1)
167 STA T - 1753 1431 5.0 (1
168 STA T - 170.8 1413 5.0 n
vy, T - 1724 142.2 4.7 1))
.- 185 ST+CW+A T L 18214 154.7 5.0 14.0

184 ST+CW+A T L 176.2 158.1 25 141
18-7 ST+CW+A T L 1682.7 153.6 8.0 14.2
W T L 180.3 1854 5.5 141
(1) Not cbtained

{2) Specimen Configuration: Figure Al
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TABLE 27. - ROOM TEMPERATURE COMPRESSIVE PROPERTIES OF T1-15-3

WITH VARIOUS PROCESSING CYCLES

Spec, Test Prastrain Fey Eapp
No. {1 Condition Dir Dir {ksi) {Msi)
43 STA L - 169 144
A4 STA L - 167 1L}
g L — 168 14.7
AC6 ST+CW+A L L 186 15.0
4C-11 ST+CW+A L L 182 4.7
g L L 183 149
Ty ST+CW+A L T 185 158
8A-5 ST+CW+A L T 200 14.5
g L T 197 15.1
4-29 ST+ Braze (Ti-15-3/Ti-6-4) + A L - 148 146
441 ST + Braze (Ti-15-3/Ti-6-4) + A L - 147 16.6
avg. L - 147 151
441 ST + Braze Cycle+ A L - 164 15.2
442 ST+ Braze Cycla+ A L - 165 16.0
vy, L - 164 156
4C8 ST+ CW + Braze Cycla + A L L 145 149
4C-10 ST+ CW+BrazeCyclo+ A L L 140 119
avg. L L 142 164
170 STA T - 180 16.0
7-70X STA T - 178 16.2
avp. T - 179 156
8A-8 ST+CW+A T T 183 148
) ST+CW+A T T 182 142
avg. T T 182 14.5
I-2 ST+Wald+ A T - 117 16.3
-3 ST+Weld+ A T - 178 16.6
g, T - 178 16.0
24 ST+Weld+CW+A T T 175 16.3
256 ST+ Weld+CW+A T T 178 125
g T T in 144

{1} Spacimen Configuration: Figure A2

67




VARLOUS PROCESSTING CYCLES

TABLE 28. -~ -65"F COMPRESS1VE PROPERTIES OF Ti~15~3 WITH

fpec. Test Prastrain Fey Eapp
No. (1) Condition Dir Oir {kal) (M)
45 STA L - 1m 164
46 STA L - 180 16.6
" L - 177 164
4C7 ST+CW+A L L 188 14.6
4C-12 ST+CW1 A L L 188 17.0
avg. L L 188 16.8
4-28 ST + Braze (Ti-15-3/Ti-6-4) + A L - 186 147
4.27 ST + Braza (Ti-16-3/Ti-64) + A L - 160 13.7
g L - 158 14.2
4C-14 ST + CW + Braze (Ti-16-3/Ti-5-4} + A L L 149 14.8
4.32 ST + Binza Gycle+ A L - 175 154
4.31 ST+ Braze Cycle + A L - 173 16.0
vy, L - 174 15.2
4C9 ST+CW+Braze Cyclo+ A L L 156 14.7

{1} Specimen Configuration: Figure A2
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TABLE 29, - g00°r COMPRESS IVE PROPERTIF
WITH VARTOUZ

8 OF Pi-15-3
PROCESSING CYCLES

Spec. Tast Praatrain Fw Eapp
No, {2} Candition Die Dir (ki {Msi)
443 ST/, L - 139 TXN
.44 STA L - 139 15.1
wy, L - 139 18§, 1
463 ST+CW+A L L 158 14.6
4Ch ST+Cw+A L L 150 14.6
ap. L L 159 14.6
4-30 ST + Braze (Ti-16-3/Ti64) + A L - 1101{1) 14.6
4.31 ST+ Braze {Ti-15-3/T 64)+ A L - 109 {1) 14.5
avp, L -~ 109 14,5
445 ST+ Braze Cycle + A L - 132 14.7
448 ST + Braze Cycle + A L - 133 14.9
avg, L - 132 4.8
4C2 ST+ CW + Braza Cycla+ A L L 12 14.7
4C4 ST+ CW+ Braze Cycle+ A I L 114 6.1
avp. L L 113 14.9

(1) Permenent Bending Noteg,
(2) Specimen Configuration: Figure A2
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TABLE 30. - ROOM TEMPRRATIRE COMPRESSIVE PROPERTTIES OF RETA-C

WITH VARIOUS PROCESSING CYCLES

Sgaec, Test Prasteain ch Eapp
No. (1) Condition Bir Nir {ksi) (Msi)
1-10 STA L - 179 15.5
1-11 STA L - 180 14.7
wg. L - 79 15.1
3A5 ST+CW+A L L 160 14.9
3A8 ST+CW+A L L 182 15,0
avg. L L 13 14.9
33 STA T - 189 165
34 STA T - 182 16.2
avg. T - 186 15.8
3A9 ST+CW+A T L 192 4.6
JAN ST+CW+A T L 195 185
wg. T L 193 15.0
10-1 ST+Wald+ A T - Specimen Bzt -
10-2 ST+Wald+ A T - Specimen bent -
10-3 ST+Weld+ A T - 181 16.5
124 ST+Weld+ A T - 179 11.0
12:5 ST +Waid+ A T - 178 16.7
avg. T - 179 16.7
342 ST + Braze (Beta-C/TiB4) +A T - 153 146
343 ST + Breze (Bota-C/TiB4) + A T - 164 15.2
avg. T - 154 14.9
344 ST + Braze Cycle + A T - 117 15.6
3.58 ST + Braze Cycle + A T - 179 15.6
avg. T - 178 18.5
AN ST+ CW+Braza Cycle+ A T L 19 15.4
KFYY) ST + CW + Braze Cycle+ A T L 183 15.6
avg. T L 187 15.4
(1) Specimen Canfiguration: Figure A2
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TABLE 31, ~ -65°F COMPRESSIVE PROPERTIES OF BETA~C

WITH VARIOUS PROCESSING CYCLES

Spec.

Tast Prestrain Yoy Eapp
No, (1} Condition Dir Oir {ksi) (Msi)
36 8TA T - 202 15.6
38 STA T - 1988 16.7
avg, T - 200 16.6
3a8 ST+LW+A T L Speciman Bant -
3A16 8T+CW+A T L Spaciman Bent -
3-38 ST + Braze (Bem-C/Ti-64) + A T - Speciman Bant -
338 ST + Braze (Beta-C/Ti-64) + A T - 153 149
3.63 ST+ Braze (Bota-C/TI-64) + A T - 167 154
g T - 160 161
340 ST + Braza Cyclo + A T - 187 16.1
34t ST + Braza Cycle + A T - 181 173
g T - 184 16.2
Ian ST+ CW + Braze Cyclo + A T L 182 16.5
JA16 ST + CW + Brove Cycle + A T L 18% 16.4
wy. T L 190 16.4

{1} Specimen Configurstion: Figure A2
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TABLE 32, -~ 600°F COMPRESSIVE PROPERTIES OF BETA-C
WITH VARIOUS PROCESSING CYCLES

Epec, Tt Prestrain Fey Eapp
No. (2) Condition Dir Dir (ksi) {Msi)
346 STA T - 160 15.6
347 STA T - 163 15,6
avg, T - 161 155
386 ST+CW+A T L 172 16.1
3Be ST+CW+A T L 174 16.3
avg. T L 173 16.2
348 ST + Braze (Bote-C/Ti-G4) + A T - s 14.9
349 ST + Braze (Bata-C/Ti-B4) + A T - 131 14.9
wy. T - 114 149
3-50 ST + Brazs Cycle+ A T - 147 16.8
351 ST+ Brazs Cycle+ A T - 144 16.7
W, T - 145 16.7
387 ST+ CW+Braza Cycle+ A T L 148 16.0
388 ST+CW+BrazeCycle+ A T L 144 15.8
wy. T L 146 159

(1) Parmanent Bending Noted.
(2) Speciman Configuration:  Figure A2
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TABLE 33,

BETA TITANIUM ALLOYS

SHARP NOTCH TENSILE STRENGTH (NTS) OF TWO

Tont Preprain | Tost | Notch Redivs NTE | NTS
Temp Alloy Condition Dir Dir tin) (1) Ky ket | YSI® | vs
Room Ti-16-3 §TA - L 0.004 8.3 | 108 160 0.68
STA - L 0.004 8.3 | 112 0.70
ST+CW+A L L 0.003 10.6 82 - 0.53
ST+CW+A L L 0.0026 ns 104 0.60
§TA - T 0.003 06 | 122 - 0.76
STA - T 0.004 8.3 | 124 0.74
ST+CW+A T T 0.0025 11.6 90 168 053
{ ST+CW+A T T 0.003 10.6 96 0.57
Beta-L STA - L 0.005 8.4 94 178 0.53
STA - L 0.003 10.6 80 0.5
ST+CW+A L L 0.0026 1.8 88 - 0.48
ST+CW+A L L 0.0025 1.8 86 0.48
STA - T 0.003 10.6 T 8 0.51
STA - T 0.003 10.6 8 0.47
-85°F | Ti153 STA - L 0.0026 ns | o 185 0.59
STA - L 0.0025 11.8 99 0.54
ST+CW+A L L 0.005 8.3 83 85 0.45
1 ST+CW+A L L 0.005 8.4 91 0.48
Bota-C STA - L 0.0012 16 93 207 0.45
ST+CW+A L L 0.0025 ns n 200 0.36
ST+CW+A t L 0.005 8.4 83 0.40
600°F Ti-15-3 STA - L 0.0012 18 138 - 1.06
STA - L 0.0026 15 | >1370 >1.08
1 STA - T 0.0012 16 149 138 1.08
Bots-C STA - L 0.0012 18 127 10 0.81
STA - L 0.0012 16 122 0.87
ST+CW+A L L 0.095 83 | 143 0.78
ST+CW+A L L 0.008 7.7 m 0.78
STA - T 0.0042 16 116 2 0.81
f STA - T 0.0012 16 107 0.75
L Specified radius (r} wes 0.0007 in., (Spec. Configuration: Figure AJ)
@ Faited through loading pin hole
(3 Average yleld strangth {ref. Tables 21-26)
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TABLE 34. 500 HOUR CREEP TEST RESULTS AT 600°F FOR TWQ BETA
TITANTUM ALLOYS
, Strain, percent Minimum
?_ Spec, Material Crasp Rm‘
’ No, 3 Alioy Bnndltiancm Initint Final Cresp percent/hour
75,000 psi
M Ti-15-3 8TA 0.475 0.610 0.135 0.00010
i- 7A6 Ti-15-3 ST+CW+A 0.650 0.842 D.192 0.0001%
'[ 133 Ti-15-3 ST + Braze Cycle + A J516 0.640 0.124 0.00012
: 7A8 Ti-15.3 ST+ CW + Braze Cycle+ A 0.614 0.730 0.116 0.00010
1 1.3 Ti-15-3/Ti-6-4 ST+Braza+ A 0.588 0.696 0.108 0.00009
L 1-12 Bata C STA 0.550 0.608 0.058 0.00003
1 330 Beta C ST + Braza Cycle + A 0.521 0.590 0.069 0.00003
4 3.28 Beta C/Ti-8-4 ST+Braze+ A 0.516 0.626 .10 0.00008
50,000 psi
712 Ti-153 STA 0.267 0.344 0.077 0.00007
] 1A8 Ti-15-3 ST+CW+A 0.446 0.556 0.110 0.00010
734 Ti-15-3 ST+ Braza Cycte+ A 0414 0.538 0.064 0.00006
702 T-18.3 ST+ CW+Braze Cyclo+ A 0.358 0.430 0.044 0.00005
732 Ti-15-3/Ti-6-4 ST+ Braze+ A 0.400 0.456 0.056 0.00008
1-13 Geta C STA 0.408 0.460 0.052 0.00002
331 Beta C ST + Braze Cycle+ A 1.438 0.484 0.048 0.00002
329 Beta C/Ti-6-4 ST+ Braze+ A 0.322 0.378 0.056 0.00005
n Teats and cold wark (tensile prastrain) sra in the longitudial grain direction
@ Craup rates may il be decreasing
3 Spacimen canfiguration: Figure AY
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TARLE

13, SUMMARY OF CREEP STABILLTY FOR T1-15-3 AND BETA-C SHEET

Cresp Rnulnm RT Tansile Properties
Strass Crasp Ftu F‘ ] ! E
Spacimen!!) Alloy (ki) Det. (%) {ksi) |k|r} (%) {Mei)
e T NS ESS——S r—— - - =
Solution Trat + Ags
{4) Ti-16.3 Unexposed - 178 160 12 16.1
m Ti-18.-3 75 0.135 176 163 3 148
112 Ti-16.3 50 0.077 179 162 10 148
1) Bata-C Unexposed - 191 176 8 16.5
1.12 Bata-C 5 0.068 180 178 8 16.2
1-13 Beta-C 50 0.062 9 178 9 15.4
Solution Trect + Cold Work‘a’ + Age
i4) Ti-15-3 Unexposed - 184 123 7 14.4
146 Ti-15-3 75 0.192 185 178 7 14.9
7A9 Ti-158-3 50 0.110 185 168 7 14.7
Solution Treat + Braza Cycle + Age
{1 Ti-15-2 Unexposed - 164 150 10 144
1-33 Ti-15-3 75 0.124 169 165 10 149
1.3 Ti-15-3 50 0.064 189 164 10 14.8
4 Bata-C Unexposed - 176 163 9 15.1
330 Beta-C 76 0.068 178 160 9 16.7
3 Beta-C 50 0.046 176 163 10 15.2
Sotution Treat + Cald Workm + Breze Cycle + Age
{4 Ti-16-3 Unexposed - 160 138 14 14.8
A8 Ti-15-3 75 0.116 153 139 13 14.4
02 Ti-18-3 60 0.044 153 137 1t 156.0
Solution Treat + Braze + Age
(1) Ti-15-3/Ti-6-4 Unexposed - 153 139 13 16.1
- Ti-15-3/Ti-6.4 75 0.108 169 145 12 16.2
7-32 Ti-16-3/Ti-6-4 60 0.066 154 134 11 156.2
{4} Bete-C/Ti-6-4 Unexposad - 168 148 1 15.1
3.28 Bets-C/Ti-6-4 5 0.110 163 148 10 16.3
329 Beta-C/TiB-4 60 0.056 162 150 1" 15.4
n L ongituding!
{2) Exposure conditions: B00"F, 500 hours (Reference Table 34)
(3 Tensile strain in L direction
) Baselina propertias (Referance Tables 21, 24)
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TABRLE 36,

SUMMARY OF FATIGUE DATA FOR TWO BETA TITANIUM ALLOYS
(RT, LAB AIR, R = 0.1, 15 Hz) (SHEET 1 OF 3)

SIS o - T PP ITETPRET RN © e e -

Maximum
Coupon Net Strass,
Configuration No. ki Cycles to Failure, N
0.080 in. Ti-15-3: n 100 41,770
STA. 776 80 58,204
Grain = Transverse, 112 80 g1,085 (1)
K= 1.0 113 10 150,645 (1)
{Figurs Ad) 119 70 2,000,000 NF
178 85 125,796 (1)
7-76 €5 2,008,110 NF
174 60 2580820 NF
0.066 in, Bets-C: 180 80 14,798
STA, 1-79 60 41,269
Grain = Transverse, 181 66 38,084
Ky=10 1-78 50 - (@A
{Figure A#) -1 60 91,090
182 48 18,7166
1-79 44 107,812
1-78 40 2,004,889 NF
0.0B5 in. Beta-C: 1-1 90 16,790
STA, 1-16 80 27,459
Grain = Longitudinal, 1-16 0 37,600
K.=1.0 1-1? 60 70,587
{Figure A4} 118 60 270,400
1-20 468 218,455
1-19 80 2,069,318 NF
0.080 in, Ti-15:3: 884 100 44 457
ST+CW+A 8B-6 95 35,064
Grain = Transverss, 8B8-2 90 81,047
CW = Transverse, 885 875 44824
K= V0 88-7 825 67,900
{Figure Ad) 833 85 2,000,000 NF
8B-1 1] 2,000,200 NF
0.080 in. T1-15-3/0.070 in, Ti-6-4: 7.85 80 39,418
ST+ Braze+ A, 786 0 47,248
Grain = Transverss, 87 €0 530,918
K= 1.0 191 65 423,531
{Figure Ad) 1482 62.5 968,897
190 50 349,050 (3)
88 80 1,471,254
783 45 2,000,000 NF
0.080 in. Ti-16-3; w8 20 PITW
ST + Weld + A w.7 80 30,060 PM
Grain = Transverse w-10 10 665,100 W
Ke= 10 w9 65 35,147 EOW
(Figure A4) W-13 65 732,338 W
Ww-14 60 54810 W
w11 60 2,000,000 NF
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i’
TABLE 36, CONTINUED (SHEET 2 OF 3)
Maximum
Coupon Nat Stress,
Configuration No. ki Cycies to Failure, N
0.080 in, Ti-15-3: 18 80 63,263
ST+ Wald + CW + 2, -1 70 81,920
Grain = Transverze, 1-4 60 164,796
CW = Transverm, 1-2 80 172,066
K= 1.0 15 45 2,000,000 NF
(Figura A4) 1-3 a0 2,000,000 NF
0.080 In, Ti-15-3; 147 80 8,260
STA, 7-48 70 12,660
_ Grain = Longitudinal 152 80 30,840
_ Ky=28 160 55 38,020
j {Figure AB) 748 65 2,319,100 NF
. 151 50 679,060
7-49 50 2,000,000 NF
' 0.085 in, Beta-C: 1-24 895 4,080
b 8TA, 1-25 67 8,380
Grain = Longitudinal, 1-30 60 14,810
f Ke= 2.8 1-26 40 63,530
{Figurs AB) 1.27 35 114,270
1-28 325 230,090
] 1-29 0 2,000,000 NF
| 0.080 in. Ti-16-3: i 60 22,686
! ST+CW+A, 1C2 50 123,785
Grain = Langitudina, ) 45 56,650
b CW = Longitudinal, ¢3 40 85,136
. Ke=2.6 7C-7 375 179,097
{Figure A%) 76 35 2,000,000 NF
A 30 2,000,000 NF
0.080 in. Ti-15-3; 4-58 60 26,664
ST + Braza cycle + A, 469 50 40,143
Grain = Longitudinal, 4-60 a0 88,181
K »28 4.84 3756 238,243
| {Figure AB) 481 K] 216,588
. 4-63 325 2,000,000 NF
i 4.62 30 2,000,000 NF
% 0.080 in. Ti-15-3/0.070 in. Ti-6-4: 153 60 24841
! ST+Braze+A 187 50 45,707
; Grain = Longitudinal, 764 40 64,900
! Ky =28 7.56 K13 104,510
(Figurs A6) 1-68 325 168,160
P 158 k] 1} 1,406,644 (3)
| 169 215 2,000,000 NF
I

e —

77



TABLE 36, CONCLUDBED (SHEET 3 OF 1)
Maximum
Coupen Not Strass,
Configuration Ne. ksi Cycins to Failure, N
0.080 in. TI-18-3/0.070 in. Ti-64: 49 60 1,36 4
ST+Braze+ A, 41 40 1,23 {8
Grain = Longitudinal, 412 30 32,334 (4)
Lap sheer 420 25 28879 (4)
{Figurs AG) 422 20 168,060 PM (Ti-15-3)
421 1756 180,513 PM (Ti16-3)
417 16 833,938 PM (Ti-16.3)
419 125 2,000,000 NF
418 10 2,000,000 NF
0.085 in. Beta-C/0.070 in. Ti-6-4: 14 30 36,000 - 72,000 (4} {5)
ST+8raze+ A, 17 30 45,000 ©M {Beta-C)
Grain = Longitudinal, t18 5 66,412 PM {Beta-C)
Lap sheer 19 26 80, 262 PM {Bsts-C)
{Figure AG) 1.2 20 122,879  PM (Bste-C)
— 13 156 206,838 {4) & PM (Bate-C)
118 128 196,280 PM (Bete-()
114 10 670,261 PM {(Beta-L)
115 15 2,000,000 NF
- {1} Falled away from conter
= {2} Machine matfunction, test invalid
- (3) Failed at grips
- (4) Jaint shear failure
- (5) Cuunter did not stop
- NF = nofsllure, W = wald failure, PM = parent matal failure, EOW = adge of wald failure
=
Y
ik
]
E
—4
B
»
3
4
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Figure 24. = Typical T1-15-3 panel after stretching.

1L i + pEN-s -
a RN PR R ST YN -
‘4 .

T i St - g N W T

79

-
.

L . i |




OF POUR Qu., ..

Ultiati oo L,

*(eiep 3aderase) ¢-¢i-TIL }O sariiadoid 2[TSual 3inleladwal woeol uo sS3d33jja Furssadcig - *¢z azxudrg

h - 1 1 = | weasay
\l—’ P 190§
v+ <+
M3+ ¥+ _.éﬂ: v+ v+
o+ PR+ + + R+ M+
0 1S 15 is 1S vis ...S%EM 0
oz s
—s
o , —o
03 |- =10t st
ol B \\ 21 b \ 3 st - o
oot = £ 2
oy ‘phemas g2 - “ “ “ W W
000 L
ot |- 7 \ £
o9t - N Ay
o8t l 4 "y
20z b ]
0zz |-

80




7z 210314

-(e1ep a8eiaag) £-¢1-T1 3% satixadoid a[TISUA 4 ¢9- UO $10933§2 3urssadoad - °9 =
|
- 1 = | % wensdd m
feuspuiuo) 181 4
v+ !
roest hu......
g + QUG
1S iS vis ek ma m a
a H
4_
ozl N |
2 .
— 0t -0l :
ot~
Hdst  Ha ;
oo} 3 |
o8 b -0z -0
: £ .L_
oot j- £ E
& E i
oy pleeng S *
0z -
arlL |-
(1214 o
o8t |- ky
002 1
1744

L O R e WA REMHERET I THTEIRET T NN



\Y/

ORIGINAL '
OF POOR QU+ -

*(e1Pp 2%vidAR) ¢-CI~-I1 jO
sarxxadosd ajrsusiy 3,009 U0 S123313 Burssadoid - sz 2aind1jg

paerqo joc 3,
L - 1 - - 1 = | up wensay
[eutpnytuny -1 00 159]
M_u.w.u ¥+ v+
aeg+ Wb (b9ESH ¥+
NI+ e+ areig + M)+
. T 1S 1S 1S VIS | wowpwoy *
_ 0 o
oz e ‘
2 | |
ar ? o |
\
09 \ —0i —st
ae } Q\ \ m_\ “ o
= hens gge & Z \\\ “ \ IM W “
1 _
azi \ N z
orlL f\& y
08t |- ‘ My
08t |-
00z 2 _

¥ n mw
- > - - pow gt i . -~ - P Er Gl W e -t B Sl ayl g f. . y—— - — il '}L
 gaerdl; v o “glkieer 3 - g oot | e i P -~ G s - . I i . B e A o ek ~



‘(e1ep a8eiaar) }-e19g Jo sariradoad ayrsusal ax1riadwal wool o S3INVJJI BUISSIDOX4 - Q7 IANBTL

1 - _ - 1 - 1 o P wenisald
SEMASURI] epnybuoy mp is2)
¥+
v+ #43 v+
r-9/o-eteg) aresg + Pk
e + R+ aeqg +
is 1S i
] —_
3 -
N —
-_ m—. ——
gz -
=
a
5

o
L)

& ‘unahiog

82

@




¥ ofr,
¥

ORIGINAL £ £.4

OF POOR QUALITY

e ‘pheang

0z

ov

0zt

orl

091

coz

0zz

K - " , |
- feupauivey
v+
(b-9/13-2109) ¥+ w4
aeig + ¥3ka (t-9/9-15g) v+
n+ azeig + azesg + M)+
1S 1S

"(eaep a3eisaer) )-w1ag jJo sariiadoid afrsuay 4,69~ uo s309339 Burssasoid - gz 2and1g

IS ‘sninpopy
% ‘uoiieduc)3

. '
il sl S ool & & afind SAIR Rl i ek A B - u o canmn B

® o n roant ol R . e

84

|
!
|
|




Reta-C (average data).
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Figure 30. - Processing effects on 600°F tensile properties of
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120

100 -

b 80 -

Maximum stress, ksi
[ - -]
o
i

ST + CW* + A

STA

/ST + Weld + A

4

i ol o L e

Fipgure 40.

Cycles to failure

}

3 o _ _

1 ST + Braze {Yi-15-3 to Ti6-4) + A

)

'. ST .+ Wald + CW* + A

l 20

' T . R.T,

'E *CW in transverse dir |.L':::' .g'."?:n “5 Hz

-‘ 0 Lt L1 11 L1 1111l
104 109 106 107

- Constant amplitude unnotched (K¢ = 1.0) fatigue test results for

0.080 in. Ti-15-3 in various conditions
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* brazed and aged lap
rain boundary

crack path of
Arrows denote g
in the Ti-15-3.

17,

4=

alpha-phase precipitate

. - Microstructure and fatigue
ghear specimen no,

Figure 43
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Figure 44. - Microstructure and fatigue crack path of brazed and aged lap
shear specimen no. 11-2. Arrows denote grain boundary

) ) alpha-phase precipitate in the Beta-C.
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Figure 45, - Fatigue crack growth rates of 0.080 in.
T1~15-3 in air and saltwater.
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Figure 46, - Fatlgue crack growth rates of nonstralned 0,080 in,

T1-15=3 in two directions.
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+1-T (spec.4A1, 4A2)

OTL (spec.481, 482)
Strainad® and aged
R.T., lab ait, R = 0.1, 6 Hz

*Prostrained in longitudinal direction

- T B R
30

0 15 45 60 75

AK, kaiin1/2

Flgure 47, - Fatigue crack growth rates of prestrained 0,080 in,
Ti1~15-3 in two directions.
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Figure 48. - Fatigue crack growth rates of nonstrained and prestrained
0.080 in, T1i-15-3 in L-T direction.
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Figure 49. - Fatigue crack growth rates of nonstrained and prestrained
0.080 in. Ti-15-3 in T-L direction.
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Nonstrained (avg. of spac. K7, K8), T-L, Fl\' = 187 ksi

*Prestrained {spec. 4A1), LT, F“, = 173 ksi

7 =7
/ *Prostrained (sper. 481}, T-, Fyy = 188 ksl
*Presteainad in longitudinal direction, than aged
| | | | | [ ]
0 0.1 0.2 0.3 04 0.5 0.6 0.7
Ao, inch

Figure 50, - KR vs effective crack extension of aged 0,080 in. Ti-15-3,
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TASK 5 ~ JOINING STUDIES

Low-cost brazing and welding methods were invescipgated as

more efficiently joining the beta alloys compared with conventi
joints,

& means of
onal mechanical

Brazing Development

An isothermal (hot die) brazing system was developed for joining beta
alloy structural membera, such as stringers, to beta 2lloy or Ti-6-4 skins,
The brazing concept, illustrated in figure 51, employs aluminum-base brazing

alloys and heated dies in a high purity argon atmosphere tu achieve rapid
out-of-furnace heating,

Initial efforts were directed at brazing the beta allovys in the 5TA

condition, Tensile tests to explore the brazing cycle/aging com atibility,
fipure 52, indicated that a brazing temperature below about 1150 F was needed
to minimize the strength loss due to overaging. Room temperature lap shear
strengths of some candidate iluminum brazing alloys covering a range of
brazing temperatures are shown in gigure 33. Unfortunately, candidate brazing
alloys with flow points below 1150°F, such as 718 (Al, 12 percent 51),

Audry 389 (Al,Si, Mg, Sn, rare earths), and 391 (A1, 81, Mg, Cu, rare earths)
were eliminated because of inferior shear strength and wettability,

In terms of shear strength and wetting, the two best aluminum braze alloys
tested were 3003 (Al, 1.2 percent Mn), and 1100 (99 percent min. Al}. But
their liquidus temperature is about 1215°F, which dictated age-hardening after
the brazing operation. Braze alloy 3003 was favored over 1100 because of its
higher shear strength in all conditions tested {room temperature, 6OU°F,
as-brazed, aged) for both Ti-15-3 and Beta-C brazements, as shoun in figures 54
and 55, and ity slightly better flow characteristics, Braze alloy 1100,

however, showed an advantage in forming the thinnest titaniun-aluminide inter-
metallic layer (0,00005 inch) of the materials studied.

A nominal joint gap of 0.003 inch was controlled using small dimples
suitably spaced on one of the Joint menbers. Thicker gaps provided no advan-
tages while adding weipht, and fFaps of 0,001 inch or less were virtually
uninspectable by conventional X-ray technique mainly because of tho larpe

difference in densities between the titanium merbers and the thin aluminum
braze layer,
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Ultrasonic C~scan and high sensitivity X-ray techniques verified good
braze coverage with scattered volds. Representative ultrasonic standards
having 1/16, 1/8, and 1/4 inch flat-bottom holes at the faying surface were
used, Post shear and peel teat examinations revealed good correlation between
the non-destructive inspection (NDI) results and the veid areas in the braze
zone. Total aggregate area of volds not exceeding 15 percent of the Joint
faying surface was eatablished as an acceptance level guide., Braze test Joints

and panels of tasks 4 thru 8 were X=ray and ultrasonic inspected, and for the
most part met this braze quality level

Photomicrographs of typical {sothermal brazed Joints of the beta alloys
to Ti~6=4 using 3003 are shown in figure 56, Typical aging responae
(precipitate distribution) of the beta alloys as well as formation of a
titanium-aluminide layer nominally 0.0002 inch thick may be seen,

Crippling tests. - Four small skin/stringer elements, each composed

of a single beta alloy zee stiffener brazed to a skin segment of Ti-6Al-4v,
were subjected to short column (crippling) tests at room temperature. This
testing was performed to provide substantiating data on the integrity of the
isothermal brazed section under compression loading and some preliminary design
data for the task 6 panel crippling tests. Two specimens had Ti-15-3 stringers

and two had Beta~C stringers. The basic specimen configuration and nominal
dimensions are shown in figuve 57.

The Ti-15=3 strinpers were made from 0.063 inch thick annealed sheet,
room temperature brake formed on a 2t radius in the longitudinal direction
to the zee shape. 7The stringers were brazed to the annealed 0.040-inch thick
Ti-6-4 skin segment, one specimen using 3003 aluminum brazing alloy and the

other using 1100 a%uminum brazing alloy. After brazing, the specimens were
aged in air at 940 F for 12 hours.

The Beta-C stringers were 0.069 inch thick annealed sheet, room temperature
brake formed in the transverse direction on a 4t radius, Again, one specimen
was brazed with 3003 braze alloy and the other with 1100. After brazing, the
specimens were aged in air at 1000°F for 8 hours,

The ends of the apecimens were potted and nachined flat, square, and
parallel, The resulting test length was approximately 4 inches. Two uniaxial
strain gages were installed back to back on each specimen, on the skin and
attached stringer flange at the midspan of the test length (figure 57).

To ensure uniformity of loading, a 2 inch diameter steel bearing was
located between the upper (fixed) test head and the steel compression block
that rested directly on the machined surface of the upper potting box. The
lower potting box remained in direct contact with the lower (movable) head
of the test machine. An LVDT-type deflection transducer was installed parallel
to the specimen to measure machine head travel, Testing was performed at

ambient conditions in a Universal Static test machine. A typical test instal-
lation is shown in figure 58.
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The initial buckling for these specimens was the loecal buckling of the
wldest portion of the Ti~b-4 face sheet, which was the distance from the braze
filler to the free edge of the skin, The Initial buckling stresses were cal-

culated using Lockheed Ntress Memo No, 8oc, condidering the widest portion of
the face sheet an a flat plate with one edge free,

The ecaleulattion of the final fallure atresses for these apecimens was
hased on the crippling strength of the combined skin/stringer cross=section,
and was made using the procedure outlined in Lockheed Stress Memo No. 126a.
The gkin/stringer configuration 1s divided into 1ts component flat and curved
¢lements and a local crippling stress 1s obtained for cach element., Thig stress
and the elemental area are then used to calculate the loading capability of
each element. The average crippling stress of the specimen is determined by
dividing the sum of these elemental loads by the total area of the Cross

section. The final failure stress was calculaced using the average specimen
dimensions for each design,

The analysis indicated that the failure stresses {n the Ti-15-3 and the
Bete-C were in the elastic regions of their respective stress=-strain curves,
Although the Predicted stress in the skin at failure for the Beta-C specimens

did enter the inelastic region of the Ti-6-4 S8tress-strain curve, the effect
of plasticity was so small that it was ignored,

The material Property data used for Ti-6-4 in the analyses were taken
from reference 13. The properties for Ti-15-3 and Beta-C were based on the
data obtained in tasks 3 and 4 of this contract, A summary of the correla-

tion between the analysis and test results is presented in table 37 and
Jdiscussed below:

® The two Ti-15-3 specimens had equivalent eri
of the type of braze alloy used. Less than i percent variation was
recorded between the failure stresses, and the predicted failure

8tress was conservative by about 17 percent., The failed specimens
are shown in figure 59,

ppling strength regardless

® A much wider variation in actual failure stresgse
two Beta-C specimens. Specimen B had g signific
strength thau specimen A probably due to the realignment of the head
during the testing of this specimen. The crippling strength of :
specimen A was 10 percent above its calculated failure stress and only
3 percent below that of the two Ti~15-3 specimens., The failed

specimens are displayed in figure 60. Typical load/strain and load/ .
deflection curves are presented in figure 61. '

8 was noted for the
antly lower crippling

® For the Ti~15=3 specimens, the initial compression buckling Btresses, SEE
as Indicated by the diverpence in the strain Bage recordings, corre- s
lated well with the caleulated buckiing strength of the widest e
unsupported element on the Ti-6-4 skin segment, Initlal buckling
atresses of the Beta~C specimens were about 22 percent below the

analytical prediction of the buckling strength of the widest unsup-
ported skin olement.

e
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e It appeara from these teats that the full erippling atrength of the
cross section can be attained using cither 3003 or 1100 braze alloy,

Welding Development

Mechanized TIC are welding was selected to demonstrate butt joining of
! beta alloy sheet or strip. Single-pass square butt welds without filler metal
addition were made in 0.080 Iinch Ti-15-3 and 0.065 inch Beta-C sheet. The
basic TIG welding machine setup was as follows:

-

Power Supply - Dimetrics 600 amp DC at 16 kiz, DCSP
Programmer ~ Dimetrics Gold Track II

Carriage - Dimetrics with AVC head

Torch Gas = Helium

Trailing shield and underside gas = Argon, with Lockheed~designed purge
control box to maintain preset flow and pressure to underbead.

Flectrode - 2 percent thoriated tungsten, 3/32 inch diameter machined to
25-degree included angle with 0.020 inch diameter point,

Sheet preparation = Milled edge, alkaline clean, Nitric-HF acid pickle,
draw file and acetone wipe just prior to welding.

The weld beads were within 0.006 inch of flush and not dressed. Welds
met dimensional, X-ray, penetrant, and metallographic inspection criteria
for critical structural aircraft welds, with only some minor scattered
porosity evident,

_..._._.._...—-.__._.__.-—.-..-.-.--—.-.--.-
.

Weldments were evaluated as-welded and after aging. Tension and bend
test results are given in table 38 for Ti-15-3 and table 39 for Beta-C.
Full joint efficiencies with good ductility were attained in both as-welded
and weld plus aged conditions., The T4-15-3 TIG welds withstooa a 4t bend
radius and the Beta-C welds made 3t, confirming good as=weidea ductility.

f Microhardness surveys of the Ti-15-3 and Beta-C weldments were made on
as-welded and weld plus aged joint cross-sections. The hardness traverses
are shown in figures 62 (Ti-15-3) and 63 (Beta-C) alorg with the cross-
sectional nhotomacrographs., For either alloy the hardness values were
supstantially unitorm across the base metal, heat-affected zone (HAZ) and
weld, in both weld conditions, without notable hard or soft zones. The
as-welded Ti-15-3 does appear to display a minor aging reaction in the
vicinity of the HAZ, which was compatible with the tensile failures occurring

in the softer weld zone,
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TABLE 37. -~ ANALYSIS ANO TEST RESULTS OF ROOM TEMPERATURE SHORT-COLUMN

CRIPPLING TESTS OF ZEE-STIFFENED RLEMENTS

initial Buckling, Failure,
mi oM
Specimen 1D Dusctiption Prediction Tost Prediction |  Test Commants
2 Ti-15-3 stringer/ | 65,800 66,600 84,700 | 113,400 | Shownd some evidence of separation
Ti-8-4 akin at the hraze intarface batween the
(3003 aluminum stringer and skin
braze)
4 Yi-15-3 stringer/ | 64,500 62,300 84,700 | 114,300 | Showad no vieible evidence of sap-
Ti-6-4 skin eration st the brize interface
{$100 sluminum
braze)
1 A @otu-C stringer/ | 69,500 57,400 99,300 | 110,360 | Stringer contained twist prior to
Ti-6-4 skin potting
F {3003 aluminum Stringer popped loose from the skin
1 braze) segmant at maximum load
8 Beta-C stringor/ | 66,900 54,100 99,300 89,000 | Head realignment noted fotlowing
i Ti-64 skin initis! buckling
(1100 aluminum Load dropped wall balow maximum
braze) value bafors separation was
] observad at breze intarface
. Note: All stresses are avaraged
E
]
'
:
3
b
1
}
:
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TABLE 38, - MECBANICAL PROPERTIES OF TIC WILDS IN 0.080-INCH Ti-15-3

—— ]
! Tansion Tests (4)
Wald Tont Whaere Min Bend
Condition Dir Dir (1) Foyr KSi Fw. ksi 0,% Failed Radius (2)
8T - T 10 109 18 - 2t
£T + Weld L T 110 107 8 Waeld -
ST + Wald L T mn 108 10 Weld -
ST +Wald L T 13 m 85 Weld -
5T + Weld L T - - - - 4t
ST +Wald + Age {(3) L T 186 176 6.6 Base Matal -
A ST +Wald + Age {3) L T 186 175 8.5 Base Matal -
ST + Weld + Age (3) L T 186 174 g Basa Meatal -
{1) Bend axis or loading direction es applicable.
{2) Bent thru 105°, and acceptable with both weld face and root on 0D of bend.
{3) 925°F for 12 hours
(4} Spaciman Contiguration: Figura A1
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TABLE 39. ~ MECHANICAL PROPERTIES OF TIG WELDS IN 0.065-INCH BETA~C
Tonsion Tests {5)

Wold Tent Wiere Min Bend

Condhtion Dir Oir{1) | F,, ke Fpe sl [ a% Falled Redius (2)
g7 - T 133 132 80 - 4
8T + Wald L T 12 122 18 Wald -
8T + Weid L T 13 126 18 Weld -
ST + Waid L T 132 126 20 Wold -
ST + Wald L T - - - - 3t
8TA (3) - T 179 188 5.2 - -
ST + Waid + Age (4) L T " m 20 Weld -
8T + Weld + Age (4) L T 178 169 30 Wold -
ST + Wald t Age (4) L T 192 170 30 Weld -

(Y Bend axke of loading direction ss applicable.
(2} Bent thru 106°, and accoptable with both weid face and root on 0D of band.

(3) Interpolated from 1000°F, § snd 10 hour aging data in task 3.

(4} 1000°F tor 8 hours,

(5} Spacimen Configuration: Figurs Al
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Figure 51. - Isothermal brazing concept.
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Flgure 52. - Effect of braze cycle on tensile strength of Ti-15-3 sheet.
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Figure 54,
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- Room temperature shear strength of brazed titanium joines,
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Figure 55, - 600°F shear strength of brazed titanium joints.
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Figure 57, - Specimen geonetry for short column crippling b ) '

tests of zee-stiffened elements, o
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- Figure 60. - Beta-C zee-stiffened elements after crippling test.
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TASK 6 - PANEL SPECIMEN FABRICATION

Deaign and Fabrication

Lockheed's analytical studies for NASA in the design of supersonic cruise
vehicles have involved all aspects of airframe design for vehicles with cruise
speedes ranging from Mach 2,0 to Mach 2,7, In one of these studies, under
contract to NASA LaRC (ref. 27), a comprehensive analytical study was per-
formed to assess the various structural/material approaches for design of pri-
mary wing and fuselage structure of a Mach 2,7 arrow-wing superscnic cruise
alreraft., Various wing structural arrangements were investigated. Among
these, a spanwise stiffened wing structural arrangement was evaluated for
various wing surface panel concepts including the zee-stiffened, integral
zee-stiffened, hat-stiffened, and blade-stiffened concepts, The least weight
concept (most structurally efficient) for this arrangement was the
hat=stiffened.

A weight penalty was assoclated with an all beta titanium design due
to the large amount of wing surface area that is lightly loaded. Hence, the
lower modulus/density ratio of the candidate beta alloy (Beta-C at that time)
presented heavier designs than those of the corresponding Ti-6A1-4V (annealed)
designs. However, in highly loaded regions, such as the wing box near the
root chord, the Beta-C designs showed promise of weight savings because the
stress levels are sufficiently high to take advantage of higher inelastic
strength capability of the beta alloy. Also, considerable cost savings are
avajilable uging a beta alloy due to its cold forming capability when compared
with the hot forming requirements of Ti-6Al-4V. Therefore, a hybrid design
using a Ti-6-4 surface skin and beta alloy stringers joined by isothermal
brazing appears to present an efficient structural arrangement.

To demonstrate the compressive buckling capability of the isothermal
brazed hat-stiffened panel design, a series of six short-column compression
teats was conducted, The cross-sectional geometry of the test panels
approaches optimum proportions: the stresses for local and general instability
failure modes are approximately equivalent. Each of the panels had three beta
titanium stringers which were brake formed to the hat configuration, then
isothermal brazed to an annealed Ti-6-4 skin using 3003 aluminum brazing alloy,
Four of the panels had Ti-15~3 stringers and two had Beta=-C stringers, After
braziong, the Ti=15~3 panels were aged in a vacuum at 940 F for 12 hours and
the Beta=C panels wera aged at 1000°F for 8 hours. Nominal panel dimensions
and a completed panel are shown in figure 64,
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Testing

Four panels with Ti~15~3 stiffeners were tested, two at room temperature
and two at 600°"F, One Beta-C stiffened panel was tested at room temperature
and the other at 600 F, Test length of the panels was 13 inches after potting
and machining the ends. The panel edges were supported during test by aslotted
tubes, as shown in figure 65, to prevent premature buckling., Ten strain gages
were installed on each of the room temperature panels, as also indicated in
figure 65. A clamshell radiant heating arrangement was used for the elevated
temperature tests with thermocouples attacheg to the panels to monitor temper-
ature. Test temperature was held within *25°F., An LVDT~type deflection
transducer measured machine head travel continuously during testing, The
Panels were tested in a 4U0-kip universal static test machine, Typical

test installations for the room temperature and elevated temperature tests
are shown in figure 66,

The initial buckling mode for these panels was that of the Ti-6-4 skin,
Ihe initial buckling stress was predicted using the method described on
pages 368-371 of reference 28, and assuming simply supported boundary conditions.
Both the skin widths under the stringers and between stringers were aalyzed,

and the predicted location of initial buckling for all six panels was between
the stringers,

Panel failure was by crippling of the cross gection. The crippling
8tress was predicted as in task 5. A conservative estimate (ref. 28,
pages 371-376) of the effective width of the between-stringer skin sections
was used to accouut for buckled skin, and inelasticity was taken into account
where applicable, The crippling analysis indicated that the Ti-6=4 skin
stresses at failure were in the inelastic region for all six panels, but
the only stringer stresses in the inelastic region were those of the Ti-15=13
elevated temperature panels.

The material properties used for Ti-6-4 were taken from reference 13, and
measurements made in task 4 provided the stress-strain curves used for the
beta alloy stringers, The predicted initial buckling and crippling failure
stresses and the corresponding test results are summarized in table 40, A
discussion follows:

® Of the four panels with Ti-15=3 stringers, panel 6-9, tested at room
temperature, failed within one percent of the predicted value and .
panel 6~8, tested at 600°F, failed within 8 percent of the prediction.
Panels 6-10 and 6~-11 had considerably larger differences between
predicted and test failure loads, 18 and 17 percent, reapectively; the
suspected reason tor the low test failure loads for these two panels
is a variation in aging response of the Ti-15-13 stringers because
stringers for panels 6-8 and 6~9 were from one sheet and those for
6-10 and 6-11 from another sheet. Photographe of the failed panels
are presented Iin figure 67, A typical load/strain curve is shown in
figure 68.
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e The initial compression buckling atress of the Ti-15~3 panels as

indicated by the divergence in the strain gage recordings, fell within
20 percent of the calculated buckling strength of the widesi element
on the Ti=6A1-4V skin segment, the skin between the stringers. In
three of the four cases the prediction was conservative,

The room-temperature Beta~C stiffened panel No. 6-5 failed within

2 percent of the predicted value, with an initial buckling load absut
15 percent higher than predicted. Beta-C panel 6-1, tested at 600 F,
failed 22 percent below the predicted load, and was at a load about
25 percent lower than the predicted value when its skin began to
buckle, Photographs of the panels after testing are shown in

figure 69.

In all six tests the brazed joints remained intact until after panel
failure. Disbonding after failure was generally minimal and confined

to the imuediate vicinity of tue crippled flanges.




TABLE 40, - ANALYSIS AND TEST RESULTS OF SHORT COLUMN CRIPPLING
TESTS OF HAT-STIFFENED PANELS

Initial Buckling" Fulture
{ksi) {ke))

Specimen Tost
2} Stringer/Skin | Temp Prediction | Tent Prediction | Test Commants

85 Beta-C/T'8:4 | Room 65.0 % 116.0 118.1 | Failure accurred 4 inches from top
of panat

Stringers fractured at savarsl loce-
tions slong-failure line

3 to 4 inch dishond after failure
81 Bete-C/Ti-6-4 | 600°F 80.1 45 82.2 76.8 | Crippling faitura occurred at midspan
Slight disbond noted after failure
69 Ti-15-3/Ti-6-4 | Room 629 16 120.7 121.3 | Crippling failura occurred 9 inches
from top of panel

Siight dishond noted stter

fallure

611 Ti-15-3/Ti-6-4 | Room 80.7 66 m.? 104.4 | Crippling failure occurrad in lowsr
1/4 langth

Buckle not straight across panal
Stringers cracked on bands st
failurs location

3 to 4 inch disbond noted after
taitura

68 Ti-16-3/Ti-6-4 | 600°F 52.0 62 91.9 84.8 | Crippling failure occurrad 4 inches
from top of pane!

Stight disband noted sfter failure
6-10 Ti-16-3/Ti-6-4 | 600°F 83.8 0 82.4 78.4 | Crippling falture occurred 4 inches

from top of panel
Siight dishond noted after fallure

* Initial buckling was determined from strain gage recordings for room temparsture tests snd by visual abservation
for elovated temperatura tests. In all cases, Initial buckiing occurrad on the skin betwesn the stringens.

Note:  All stresses are averaged.
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5 BetaC stiffaner: ¢ = 0.085, ¢ 0.282
-! Ti-18:3 stitfener: t = 0080, r=0.227

PP TR G0

Figure 64, - Specimen geometry for short column crippling tests
of titanium hat-stiffened panels,
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Siotted
tube

" K} 0
Note: AN gages located at mid-span
Dimantions in inches of teat length

; Figure 65. - Strain gage locations on room temperature panels -

short column crippling tests of hat-stiffened
panels.
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TASK 7 - WING PANEL FABR1CATION

Four relatively large hat~stiffened panels were fabricated using Ti-15-3
cold-formed stringers isothermal brazed to a T1-6-4 skin, Three of the panels,
simulating wing upper surface panels of an SCV, were tested to provide insight
into the long-column compression and damage tolerance characteristics of panels
fabricated uaing beta titanium alloys. The fourth panel was a demonstration
component delivered to the NASA-Langley Research Center,

Design and Fabrication

The panel deslgn represents an SCV wing upper surface panel between
two ribs. The panels were 20 inches wide by 48 inches long, containing
four brake-formed Ti-15-3 atringers isothermal brazed to a Ti-6-4 skin using
3003 aluminum brazing alloy. Cross-sectional proportions and pitch were the
same as those of the crippling panels in task 6. After brazing, the panels were
aged in a vacuum at 940°F for 12 hours with no restraint fixturing. Flatness
was checked before and after aging by means of deviation from a stralsht
edge. The panels stayed essentially flat (within 0.030 inch), demonstrating

that brazing in the fixture appears to effectively size and stress relieve.
A completed panel is shown in figure 70,

Static Compression Tests

One panel was tested at room temperature and one at 600°F., Test length
of the panels was 40 inches after potting and machining the ends. For full
fixity, the effective panel length or distance between points of contraflexure

approximates an SCV rib spacing of 20 inches with the ribe providing simpie
support to the skin.

Strain gages were installed and the edges were supported by slotted
tubes as depicted in fipures 71 and 72. An LVDT-type deflection transducer
wag used to measure machine head travel and clamshell radiant heating was
used for the 600°F panel., Test temperature was held within *250F, Figures 73
and 74 show the installations of the test pauels in the 400-kip Universal static
test machine. Load rate was 1200 pounds per gecond for the RT test and
1000 pounds per second for the 600°F test.
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8kin buckling, ¢ross-gection erippling, and Euler column buckl
analyzed prior to teating, The erippling stress was caleulate
confirm that erippling would not be the Principal failure mode

ing were
d only to
+ A summary

Panel failure was in the long-column mode, The analysis based on full
end fixicy indicated that for the room temparature Panel, both the skip stress
and the stringer satress were in the elastic region of the Stress/strain curve
at failure, For the panel tested ar. 600°F, only the stringer stress was in
the elastic region. A typical load/strain curve ig shown in figure 75.

Both the room and elevated temperature test results correlate closely
with calculated values using Euler's long coluymn theory with an end fixity
of 3.0. For this fixity, the distance between points of contraflenure
corresponds to a simply supported column with a length of 23 inches. 1In
both cases, the deformed shape of the Panel at maximum load was characteristic
of a classic column fajilure, The maximum variation between the calculated

,No local buckling was
» braze separation or other damuge was found in post-

Fatigue/Crack Growtp Tests

Fatigue/ecrack growth tests of a representative hat-stiffaenag
surface panel for ap SCV were conducted to investigate the durability aspects
of the isothermal brazing process, The panel wasg subjected to ap initial
20,000 flight lifetime variable amplitude flight—by-flight fatigue spectrum,

d lifetime of fatigue load-
ings was applied, Finally, the panel was statically tested to failure in

+ All testing was performed

wing upper

The fatigue loading spectrum was based on Spectrum C, which was developed
in the mid-1960's by the Lockheed-California Company, Spectrum C represents
service loadings on g lower surface Parel in the wing r
sJnic transport aircraft, and 1g comprised Primarily of tensile loadings,
Since this study is based on the requirements for an upp
the wing root region, Spectrum C required some alterations to create a serieg
of compression-dominated loadings appropriate for thig application,

In Spectrum C, the lower surface mean stress was 25 ksi and the mean load
ratio for the climb segment was 1.0. The mean load ratios for the cruise and
: descent segments of each flight were derived from this ratto by adding (or
subtracting) factors representing the fuel decrement and the thermal stress
increment applicable to that flight segment. For the ipper surface spectrum
used in thig test, the same mean stress, mean load ratio, fuel and thermal
stress factors were used, with their signs reversed when appropriate. The

IS . A a8 7w s
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requlting spectrum 1g predominate sy composed of compression-compression
loadings reflecting the uUpper surface mean and variaple loads assoclated with
the ¢limh, erulge, and degecent segments of a fiight, Tenslon-tenslon fatigue
loadings are included in the loading spectrum to represent the Joads applied
to the wing upper surface panel durlng the landing and raxy degments of g
flight. The reference tress used for Spectrum €, in comblnation with the
minimum stress ratio in the loadings for the upper surface, was compared with
the caleculaced erippling stress ro Prevent premature fatlure of the pancl
during fatigue loading., The spectrum applied vo the panel Is presoated fn
table 42. Figure 76 diagrams a upit flight profile. Tabhle 42 lists the

variable loadings applied at the Indicated Intervals during the 20,000
flight lifetime,

A preflaw was irtroduced into the Ti-6-4 skin hetween the two center
Ti-15-3 stiffeners after the first lifetime of spectrum fagfgue testlug., Crack
growth analyses were conducted to estimate the Initial preflaw size that would
grow to the edge of the har stiffener within the second 1{fetime (20,000 flights).
The analyses were conducted using the methods described in reference 29 and
the effectiveness of the flanges of the hat stiffeners in slowing the crack
8rowth rate as the crack approached the stiffencrs wag contiidered, The value
of R = ~0,36 used in the analysis was der‘ved from constant amplitude fatigus
crack growth data at Re-1,0 and at R=0.1 using an analytical relationshaip
between the R value for a constant amplitude loading and the associated crack
growth, These data indicated that compression loadings associated with R values
less than -0,36 have the same effect on crack growth as a loading cyc.e of
Rc = -0.36 with the same maximum tension stress,

the loads evenly throughout the Panel cross-section, Th: fixture, illustrared
in figure 77, consisted of maple wood fillers batween and under the stringers,
ide of the panel, with
The fixturing was bolted
and adhesive bonded to the panel, leaving an uareinforced panel length of

20 inches., fThe edges of the panel were supported by slotted tubes and the
ends of the panel/fixture were machined flat, square, and parallel,
were installed at the ends of the unreinforced portion of the panel to prevent
lateral deflection of the panel during fatigue loading., The flexures were not
used during the residual compression test,

Flexures

Sixteen strain gages were installed on the panel as shown in figure 78,
Load/strain and load/deflection data were recorded periodically during the
fatigue portion of the test and continuously during the residual compression
test. 1In the 220-kip MIS fatigue tegt machine, the deflections were measured
by a position feedback transducer on the loading jack of the test machine,
For the static residual strength test, an LVDT=type deflection transducer
wag used, Photographs of the Panel installed in the 220-kip Mrs fatipue test
machine and in the 400-k1ip Universal static test tachine are pPresentod in
figure 79,
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After installation of the panel in the test machine, preliminary load/
strain surveys were performed and the fatigue loadings were applied to the
test panel. Data were recorded periodically to ensure that the test machine
was achleving the required atreas lavels. Typical loadings recorded during
flight number 1000 are shown in figure 80. Explicitly, the cycles of loadings
within any given flight is found by summing the columns ("Unit flight" through
""20000 f1ights") which are exactly divisible into the number of this given
flight. Thus for f1i{ght number 1000, the complete listing of loadings applied
would include the summation of loadings for columns "Unit flight”, "100 flts,"
500 f1ts", and "1000 flts" in table 42.

At slightly less than 10,000 flights, a disbond between the panel skin and
one of the wood fillers was noted. Each subsequent load/strain survey during
the two lifetimes of fatigue testing showed distinct, though relatively smsll,
increases in the stringer strains for a given compression load, probably
indicating a slight redistribution of the load over the panel cross=-section
because of the disbonding in the text fixture. No other problems were encoun-
tered throughout the remainder of the testing.

X-ray inspection at the end of the first lifetime (20,000 flights) showed
no evidence of cracks or growth of existing voids in the braze as a result
of testing. A 0.98-inch cut was made in the skin between the two middle
stringers (figure 78) and a constant amplitude loading cycle, Smax=15,000 psi
and R=0.1, was applied until the cut propagated to a length of 1,196 inches.
Then a second lifetime of fatigue loadings was applied, and the crack growth was
measured periodically, as plotted in Figure B1,

At the end of the second lifetime, the crack length was 2.537 inches,
extending slipghtly into the brazed region of the skin at the two adjacent
stringer flanges. As can be seen in figure 82, the crack grew much slower
than predicted. Tension-tension constant amplitude loading with Smax = 15,000 psi
and R=0.1 was applied to further extend the crack before the residual compres-
sion test. After approximately 46,000 cycles of this loading, the crack had
grown through the flanges of both of the adjacent hat stiffeners and was
beginning to grow up the side of one stiffener, as shown in figure 83, at
this point, the fatigue loading was stopped. 1In situ X-ray inspection showed
no evidence of testing-related flaws other than the induced crack.

Tne panel was removed from the 220-kip MTS fatigue test machine and
installed in the 400-kip Universal static test machine. A final load/
strain~load/deflection survey was taken hefore the residual conpression test
was initiated. Strain page readings during testing indicated initial skin
buckling at 190,000 pounds which was L3 percent below the predicted value. The
panel falled in crippling at a load of 341,000 pounds; there was no lateral
deflection indicative of long-column failure. The brazed joints remajned
intact until pancl failure, but disbonded over the entire unsupported panel
length of 20 inches at fallure, A repregentative load/strain curve is presen-
ted in fipure 84 and a photograph of the failed panel is shown in figure 85,
The pancl's residual compressive strength was above 95 percent of the calcu-
lated strength for an undamaged penai,
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Welght Study

A theoretical weight comparison was made between a conventional, hot-formed
and riveted all Ti-6-4 hat-stiffened panel and an isothermal brazed panel with
cold-formed Ti-15-3 hat stiffeners and Ti-6-4 skin. The Ti-15-3 brazed panel
wag chosen as the baseline and crippling was considered to be the eritical
failure mode. The room temperature crippling load of the brazed panel
(361,400 pounds) was used as the design load for the riveted panel. Two
approaches were investigated in designing an all Ti-6=4 riveted panel based
on the large (20-by 48-inch) wing panel geometcy. In one case, the stringer
thickness was held constant at 0,0%0 inch and tl.e skin thickness was increased
until the design locad was reached. In the second, both skin and stringer thick-
nesses were increased. 1In each case, 3/16 inch diameter rivets were used to
attach the stiffeners to the skin and sufficient width was added to the flanges
of the stiffeners to ensure proper fastener edge distance. Table 43 summarizes
the results of this study. Both design approaches showed that the brazed panel
with Ti-15-3 stiffeners was about 16 percent lighter than the conventional
titanium panel.

Cost Study

A preliminary cost analysis was made to compare the cold-formed/isothermal
brazed beta titanium fabrication method for a 20~inch by 48-inch hat stiffened
wing panel with state-of-the-art hot-formed/riveted assembly of a comparable
Ti-6-4 structure. Panel geometry was kept as nearly constant as practical.

The riveted panels required slightly wider flanges to maintain proper edge
distance. The analysis included factors of raw materials, processing, tooling,
equipment, and asscciated recurring and nonrecurring costs. Where applicable,
labor hours were taken from the Lockheed-California Company ''Engineering Cost
Handbook" and planning/operation sheets,

Table 44 gives projected unit costs for quantities of 50, 100, and 200.
Compared with the conventional Ti-6-4 panel, the cold-formed/isothermal brazed
structure composed of Ti-15-3 stringers and a Ti-6-4 skin shows projected
savings of at least 25 percent,
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TABLE 41. - ANALYSIS AND TEST RESULTS OF LONG-COLUMN COMPRESSION
TESTS OF REPRESENTATIVE TITANIUM WING PANELS

Long Column
Buckling Stress
Panel Tast Calculated® | Test
tD Stringar/Skin Temp (ksi} (ksi) Commants

72 Ti-15-3/Ti-5-4 Room 66.0 64.8 Failure in potting material after attaining maximum load

No braze seperation

11 Ti-15-3/Ti-54 600°F 60.3 58.2 Strain gage #3 recorded no data during test

No braze separation

*Basad on and fixity of 3.0
Note: All stresses are averaged
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TABLE 42. - FATIGUE LOADING SPECTRUM FOR PANEL 7-3

_'zn_u &-_ry_ Growth Cycle Addad Every: 'cvclnPu 20000 Flights) cyclic
Flght | fygos | fugy | Unit [ 1100 J500 | 1000 6000 [ 10000 [ Z0000| Per Lowd Rute
Segment . H Flight [fis [l | fits | fits | fies fite | Lovel | Cumuletival (Hz)
0.51 1 20000 25015 3
0.61 21 ) 4460 5015 3
Taxi 0.2¢ 0N 2| 2 480 585 2
0.81 1 1 1 1 66 76 2
0.9% 2 8 9 2
1.0 1 1 1 1
0.15 7 140000 | 189117 | 10
0.25 2 40000 59117 ;
0.36 62 12400 19117 4
045 22 4400 6Nn? 3
0.55 7 1400 2317 3
0.65 1 520 917 2
Climb | -1.00 0.76 6 240 397 2
0.86 2 80 167 2
0.96 1 40 7 2
1.06 1 20 37 1
116 2 8 17 1
1.26 1 4 9 1
1.36 1 2 5 1
1.45 2 2 3 |
1.55 1 1 1 t
0.15 3 30 76000 87238 | 10
0.25 48 9500 11239 6
0.35 7 1400 1630 4
Cruise | -0.25 0.46 1 200 239 3
0.55 1| 3 32 9 3
0.85 1 1 6 7 2
0.75 1 1 1 2
0.15 7 75 155000 | 187412 | 10
0.25 1 30 26000 32412 6
0.35 26 5000 6412 4
046 5| 2 1080 1412 3
Descent | -1.00 0.55 1 1 240 332 3
0.65 3] 1 64 82 2
0.76 1 20 28 2
0.85 3 6 8 2
0.85 2 2 2 2
L/ =
f,.m 26 kel
oRIGIL TasE
OF POOR QUALITY
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TABLE 43, - WEIGHT COMPARISON - REPRESENTATIVE WING PANEL

s 4 Hats, § In. pitch Waight
Panel description 8 Length = 48 in.
= svidn= 20 T
] Cold-formed, ’ f 0.080 Ti-16-3
E isothermal brezed 0.75 .
y Bata Ti stringers 1.26 - 24.35 Baseline
=0.070 Te64
0.080 Ti-6-4
1.0 -~
20.06 +18.2

Hot-formed,

riveted 0.085 Tig4
. a T84 pannl _—0.080 Ti64
g
> =
‘ 0.086 Ti-8-4
3
)
1
B
.
4
.
3
:
)
3
>
k
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TABLE 44. TITANIUM WING PANEL COST SUMMARY '

Material
Stringer/Skin Ti-8-4/Ti-64 Ti-15-3/Ti-6-4
Fabrication Mathod Hot Form, Rivet Cold Form, isothermal Brazs

Quentity 50 100 200 50 100 200
Recurring Costs ($) 2307 2118 1845 1406 1347 1286
Nonrecurring Costs, 323 161 81 668 284 142
Amaortized ($)
Total Unit Cost ($) 2630 2 2026 1874 1831 1437
Net Program Savings (%) Basaline —t 26% 28% 20%
Implementation Cost (§) 16140 | - 28449 ——

Panel size: 20 x 48 inches with 4 stringers
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- 23.00 -
- 20.033 -
{Ref)
BRI R
L e b e g
Stotted tube ' ! :
?gngl:jlppnn _\1?- ?
) |
4- I { | l f <’
e UL 3 |
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¢ ! o
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| | '
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""'"_'_ Pl et i 'Il% ”
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by bbb g 1
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‘ of panel

/ §/d/d @/L et

potting
compaund

Figure 71. - Strain gage locations, edge clamp detatls, potting box
installation, Panel 7~2. Room temperature long column
compression test of representative wing pancl.
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Strain Gage Thermocnuple (ﬁ) @
Arrangement Arrangament
Panel 7-1 Panel 7-1
| e i s
| | / /’ IEEL
! . I AlHES
I I 1 / I
i | I / I
i, \ ' l : ' ! e . : 2 uqual
i ' : 48.000 : -ez : spaced
A i E A B{ ! i B
* | | J i : ! +
| o H
¢ et et e 1NN 5 sHbHeH e e +Je i
s | 1’00 : |
| 1 . I i
| : | |
| i 40.0 [ 1] 2 equal
: . : {Ref) | ! /f ! 1| spaced
TINRIE | ! : / il
I | / i
| | A |
} |
l ' I /l /If : 39
4,00 /
I_-T E {Tyn} ﬁ / / i ?
- 20,031 ! 1 @/ @{
{Ref.)

¢ Box end

Edge
suppor (8) centraid
(2 Pls.} / of panel
| ®/ TN, |
/ ‘ Steel potting
potting box {Ref.)
@ compound

Section A-A Section 8-8

Figqure 72, - Strain gage and thermocouple arrangements, panel 7-1.
dlevated cemperature long column compression test of
representative wing pancel,
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X-16813.5
EF / clamp arsy A

13.84

48.00
(Ref.}

2012 A\

Test ——
panel,
hat side
|
13.94 !
X-16813.37 {
Compression
plate
Std test
head (Ref.)

AAII doublers, filler
blacks, MTS claups
cold bonded with
Eastman EA 9308

ATest area, strain gage
dstails on Fig. 78

Figure 77, -

(R

)/
| X-16013.31.35

/ yoka end flexuro

~a—=Reaction
frame (Rof.)

0.365
21,00

\x-wsw-t

Doubler and fille
block details A

#\220 kip MTS

fatigue test
machine {Ref,)

Fatigue test setup, panel 7-3,
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Figure 81,

~ Crack growth in Ti~0A1-4V skin during sccond applicat jon
ot 20,000 ~ t11ght

spoctrum, panel 7-9,
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Figure 82, -~ Predicted and actual crack growth history -

fatigue/crack growth test of representative
wing panel 7-3,

156




OR!&!:...‘-\.'-. . - - .j.
OF POOR QUALITY

e e i

Figure 83, - Two views of panel 7-3 crack geometry immediately
prior to residual strength compression test.
(Top) hat side, (bottom) skin side.
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TASK 8 - METAL MATRIX COMPOSITE (MMC) SELECTIVE
REINFORCEMENT CONCEPTS

This task investigated the feasibility of using metal matrix composite to
selectively reinforce beta titanium structural components on an SCV. It
involved the design, analysis, fabrication and testing of coupons and short
elements of selected structural concepts, and assessing the data for scaling
up the concepts to selectively reinforce full-size wing panels.

Design and Analysis

The Ti-15-3 zee-stiffened skin/stringer configuration of task 5 was chosen
for assessing rhe metal matrix composite selective reinforcement concepts. The
task 5 crippling test results thus provided baseline data for the unreinforced
skin/stringer configuration, From a producibility and structural stability
standpoint, the unsupported (upper) flange of the zee stiffener was the
selected reinforcement location. Initially three candidate design concepts
as depicted in Figure 86 were reviewed to select two concepts for evaluation
having the most promising combinations of fiber/matrix system and compatible’
joining process.

Two fiber/matrix systems used for preliminary sizing of the reinforcement
were state-of-the-art products of AV(Q Specialty Materials Division: 1) SCS-G/
T1-6-4 consisting of 35 volume percent silicon carbide (S1C) continous fila- -
ments consolidated in a matrix of Ti-6Al1-4V foil by diffusion bonding, and
2) SCS8-2/6061 containing 45 volume percent SiC in a 6061 aluminum matrix. The
analysis indicated an optimum reinforcement thickness of 6-plies for either MMC
gystem, with a reinfoicement width of 0.5 inch., The outer skin of matrix alloy
was then increased to faciiitate subsequent joining to the beta titanium
structure.

The three candidate design concepts (figure 86) were analyzed to assess
the effect of the MMC material and joining method on their load-carrying
capability and weight., The crippling stress of the cross-section was deter-
mined, then the optimum column length {simultaneocus column and cripping failure)
and associated weight were celculated for each concept., This theoretical weidght
comparison is summarized in table 45. Concept 1 (SiC/Ti-6-4, isothermal braze)
was used as the baseline, Concept 2 (SiC/Ti-6-4, spotweld) requires a MMC ‘
2-plies thicker than Concept 1 to carry equal crippling load, but their relative T
weights remain essentially equal, Concept 3 (S4€/6061, LID diffusion bond}
was 6-percent lighter than the other two concepts. Concept 3, however, was
eliminated because it was felt that the 6061 aluminum would lose 1ts shear
transfer capability at the 600“F service temperature,
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Fabrication

S$1C/T1-6-4 composite, - The MMC laminates received from AVCO were 6-plies
of 35v/o S1C/Ti-6-4 with a nominal 8 mil 8" Ln of Ti-6-4 on each side, result-
ing in a total thickness of 0.064 inch, a. . 30v/o 81C. The material was
ordered in machined specimen widths of 0.250 and 0.500 inch for compression
and component tests, and in a sheared specimen width of 1. '+ in, for the lap
shear tests. The reported tensile strengths of the MMC varied considerably
from panel to panel. Thus, for the purpose of correlating the test data, the
first number of a test specimen ID identifies the parent MMC panel number.
(Example: specimer 8-1 is from panel no. 8,)

Brazing development. - Concept 1 (figure 86) required establishing the
brazeability of Ti-15-3 to the S1C/Ti-6=4 composite using the isothermal

brazing process and 3003 aluminum brazing alloy.

Nitric-HF acid cleaning of the MMC resulted in a scattered, dark surface
smut. EDAX of the smut revealed nitrogen enrichment which is thought to be
a residual from the consolidation stage (possibly boron nitride stopoff).
This smut condition was mechanically removed by vapor honing prior to brazing.

The braze shear strengths shown below for S1C/Ti=6~4 to Ti-15-3 lap joints

were below the 11.0 to 13.7 ksi range obtained in task 5 for Ti-6-4 to Ti-15-3.
Contamination due to surface smutting could be a factor

Joint Combination Shear Strength (psi)
(Braze alloy 3003 Al) As=-Brazed Aged 940°F-12h
0.063 in. SiC/Ti-6-4 7,850 9,650
‘o 8,180 10,500
8,740 10,700
0.063 in. Ti-15-3 10,200
10,300

Microstructure of the SiC/Ti-6-4 isothermal brazed to Ti-15=3, and then
aged at 940°F for 12 hours, is shown in figure 87. CGCood wetting was achieved,
and no detrimental fiber/matrix interactions were readily observed.

NOTE: Brazing a single flat strip of Ti-~15-3 to the $iC/Ti-6~4 com~ ;
posite causes significant lengthwise bow, apparently a result : !
of differential thermal expansion and contraction rates of the

materials. This is evidence that more symmetric MMC placement ;
is preferred. i

L
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Spotwelding Development, - The two spotwald joint combinations required
for design concept 2 (figure 86) were 0,063 1n, T1~15-3 (aped) to 0.040 in,
Ti-6~4 (annealed), and 0.063 in, Ti~15-3 (aged} to 0,063 in. S1C/T1-6~4 com-
posite. The Ti~15-3 was aged 940°F-12 hours before spotwelding, and the
juints were evaluated In the as~welded state. A summary of the spotweld pro-
cedure development evaluation is given in table 46.

Spotwelds between Ti-15-3 and Ti-6-4 displayed satisfactory shear
strengths, regular nugget shape and size, and no evidence of internal defects.
Phiotomicrographs of a transverse center section of a representative spotweld
are shown in figure 88. Longitudinal sections exh’bited identical micro-
grapidc features. The symmetrical columnar growth within the weld nugget
suggested thorough mixing of the two alloys and symmetric solidification. This
was further verified through SEM study and EDAX. A vanadium X-ray map of the
fusion zone exhibited uniform distribution of vanadium over the entire region.
Quantitative EDAX analysis of the weld nugget showed almost identical compo-
sitions on both sides of the interface with about 12 percent vanadium in both
locations. Thus, thorough mixing of the Ti-6Al-4V and Ti-15V-3Cr-Sn-3Al
alloys is indicated.

Spotwelds between the Ti-15-3 and SiC/Ti-6-4 composite were unsatis-
factory. The presence of $iC filaments completely changed the weld nugget
structure,

A transverse section of the SiC/Ti-6-4 away from the spotweld location is
illustrated in figure 89, Thoush gaps from the consolidation stage were
observed between the filaments, their distribution was fairly regular.

Transverse and longitudinal sections through the center of the spotwelds
are shown in figures 90 and 91 at several magnifications. The size of the
fuzed zone has decreasec, X-ray mapping indicated that the nugget was poor in
vanadium, which substantiates that melting was mostly confined within the
SiC/Ti-6-4 composite material and little mixing has occurred with the Ti-15-3.

Spotwelding caused bending of the filameats and some cracks were observed
in the filaments. Figure 90 also Lllustrates the formation of shrinkage
cracks around the filaments. Most of these cracks were located near the
center of the nugget which is the area that solidifed last. The columnar
rraln growth of the Ti-15-3/1Ti-6~4 weld (figure 88) was absent in the Ti-15-3/
MMC weld nugget. Instead, a fine dendritic structure wus observed within
this arca which suggests a rapid solidificaticn process, and an annular ring
of a tine cellular structure was observed around the SiC filaments (fig-
ures 90 and 91). Figure 92 is an SEM photograph of a filament and its
adjacent matrix area containing some shrinkage cracks. Quantitative EDAX
performed at locations A, B, €, and D (figure 92) revealed that the white
cellular growth at location A was rich in silicon (14 percent).  The silicon
content decreased sharply as the distance from the filament increased.  Around
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2 wt. percent silicon was measured at locations B and C on either side of

the crack, and the silfcon content was reduced to 0,82 wt, percent at D. The
2 wt. percent ailicon in titanium can increase the temperature difference
between solidus and liquidus over 300°F, which encourages dendritic growth,
and in turn makes the alloy more prone to shrinkage cavity formation. The
dendritic solidification pattern is evident at the shrinkage cracks in fig~
ure 92 (right-hand bottom slde of the filament), Apparently, e filaments
being of lower thermal conductivity dismipate lesa heat; conscyuently, molten
material around the filaments freezes last and shrinkage cracks develop.

An attempt was made to limit weld nugget penetration to the ecutermost
8 mil Ti-6-4 skin of the S1C/Ti~6-4 composite by adjustment of the spotwelding
parameters and heat balance. Transverse and longitudinal sections through
the center of the bond made between Ti-15-3 and the $iC/Ti-6-4 are shown in
figure 93, Microscopic examination indicates that the interface has the
nature of a solid state diffusion bond, although some melting has taken place
within the composite (where resistivity might be highest) as evidenced by
presence of the fine solidifiration structure. Fiber distortion was minimal
and no shrinkage cracks were seen. As shown in table 46, the shear strength
of the resistance bond was comparable to the strength of the spotwelds which
had a high degrce of penetration. The reliability and repeatability of this
type of bond is yet undetermined, and work on the resistance spotweld approach
for joining S$iC/Ti-6-4 to bhata titanium was discontinued.

Testing

Coupon and short element compression tests of the selective reinforcement
design concepts were performed.

Coupon tests. - The effects of the joining processes and heat treatment
onn the compressive properties of the SiC/Ti-6-4 MMC were evaluated. Tests
included the baseline MMC, MMC with simulated brazing cycle, MMC joined to
Ti--15-3 by isothermal brazing or spotwelding, and spotwelds between Ti-6-4
and Ti-15-3, Ti-6-4/Ti-15~3 brazed joints were covered in task 4,

The basic test coupon configuration is shown in figure A8 of the appendix.
The 0.90 in, gage length was selected based upon spanning at least two spotwelds
for the maximum spotweld pitch tested (5/8 inch), Two strain gages were
attached back-to-back in the test section. Using hydraulic grips, loading
was primarily in shear through bonded grip tabs. End loading was also
available in the grips. 'The loading rate was 0.010 inch per minute.

Results of the coupon compression tests are presented in table 47, All
coupons failed by buckling (or hending) in the test section. These limited
tests show that the brazing and/or aping thermal cycles had negligible effect
on the compression strength or modulus of the S1C/Ti<6-4 composite. Fest
results of the spotweld and brazed joint specimens are generally inconclusive,
although the brazed joint strengths were higher,
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Short element teats. ~ Two erippling tests were conducted for deaign
concept 1 of figure 86, The apecimen conflguration is {dentical to the T1-15-3
zec-atiffened elements in task 5 (see figure 57), with the addition of the
81C/T1~6-4 composite unidirectional retnforcement on the unsupported flange
of the seringer.

T1-15-3 stringers were made from 0.063 in. sheet brake formed to the zece
shape. The MMC, stringer, and Ti-6-4 gkin segment were isothermal brazed
using 3003AL brazing alloy, then the specimens wers aged in a vacuum furnace at
940°F for 12 hours. The test length of the specimens was 4 inches after potting
and machining the ends. Testing details were essentially the same as described
in the tasbk 5 crippling test section. The analysis and test results are sum-
marized in table 48, and the failed specimens are digplayed in figure 94,

As the loading on specimen 0-27 approacheda its maximum valua, the specimen
twisted slightly. This twist became more pronounced as the loading gradually
dropped off. The MMC reinforcement did not crack but folded over on itself,
delaminating at the fold and Separating from the stringer flange over a
1.5 iach length. The skin and stringer crippled slightly at failure but did
not crack. The brazed skin/stringer Jodut separated slightly over a length
of less than 1/4 inch.

The MMC reinforcement on specimen 0~28 buckled and delaminated slightly, but
only cracked part of the way through its thickness. The brazed joint between
the reinforcement and the stringer remained intact until the load had reachea
its maximum value and was in the process of being relieved. The stringer and
skin exhibited a crippling-type failure, but did ot crack or disbond.

Less than a 2 percent variation was recorded between the predicted failure
stresses and the test results of the two brazed specimens. Indications of
initial skin buckling were within 12 percent of the prediction. Properties
for the MMC reinforcement used in the analysis were derived from test data
obtained on other Lockhced programs. The modulus values shown in table 47 of
this report agree closely with the derived data, but the buckling failure
mode precluded obtaining compressive yield strengti provertics. The averape
failure stress of the reinforced configuration (126.5 ksi) is about 1! percent
higher than that for unreinforced specimens in task 5.

Weight/Cost Study

Weight comparison. - A theoretical weight comparison was made between a
baseline unreinforced panel and the MMC reinforced panel concepts. The basic
task 7 configuration for a SCV wing upper surface hat-stiffeued skin panel
20 in. wide and 48 in. long was maintained; relnforcement location was on the
crown of the hats (figure 95).
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Table 49, which Includes reasults of the e

that all three desipng Incorporating T1-15-3 atiifenera provide a conslderahle
theorerfcal weight savings over the conventional Ti-6~4 riveted pancl

1. Fhe
reinforced spotwelded panel 1s about 9 percent lighter than the convent lonal

Panel and the unreinforced brazed panel (task 7 conflguration) Ls 16 percent
lighter, The relnforced brazed panel shows the greateast theoretlcal wetlght
savings, 22 percent, over the conveational titanivm panel, Viewing the unrein-

foreced brazed configuration as the baseline, only the reinforced brazed pane]
is lighter,

arlier task 7 weight study, shows

Cost comparison. =~ A preliminary cost asfessment. was made for scallng up
the MMC selective reinforcement of heta titanium structure to fabricate g
full sizc wing panel for a SCV. The hasic hat-stif{anad wing panel conflgura-
tion of task 7 was used, with the reinforcement located on the crown of the
hats as depicted in figure 95, Projected costs for the selectively rein-~
forced concepts are viewad as rough order of magaitude (ROM) estimates because
of the lack of familiarity with MMC fabrication limitations. Table 50 com-
Pares projected costs, based on 4 quantity of 100, for the MMC--reinforced
concepts and Laseline unreinforced Pancls. The costs of the spotweldad and

brazed reinforced panel concepts are, respectively, about 40 percent and
60 percent higher than the conventional Ti-6-4 panel,
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TABLE, 45, - WEIGIT COMPARISON OF A Ti-15-1 ZRE-
ELEMENT REINFORCED WITH MMt

STTFFENED

MMC Rainforcemant
Optimizad
Width Thickne Panal Length | Felative
Conrape Joining Mathod Heat Troat* Dasiiption in. in. in, Waight
1 isothermal Afrar SC3-6/Ti-64 0.60 0.063 2056 1.000
Braze {Rasaling) Brazing (38v/o §iC)
2 Spotweid** Betore SCS6/Ti64 0.50 0.078 20,62 1.003
Waiding {35v/0 8IC)
3 Liquid Intarface Aftor 8CS-2/6061 Al 0.50 0.059 20,63 0.940
Diffurion Bond Bonding {45v/0 SiC)

*Aged at 940°F for 12 hours,
**Maximum spotwald $pecing 10 praveat inter-weld buckling = 1-3/18 in.
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TABLE 46, -~ SUMMARY OF SHFAR STRENGTH AND METALLURGICAL
FEATURES OF SPOTWELDRS

Avg. Max.
Nugget Dia. Penatration
Avg, (in.} {%)
Two Shest Shear* .
Combinations {Ibs) L T L T (nternal Quality

0.040 in, Ti-6-4 (Ann.) 12 70 | Clear

to 2890 0.199 0.208
0.063 in, Ti-16.3 {Aged) 87 84 | (Raf. figure 88)
0.063 in. SiC/Ti-64 0.210 0229 | 88 84 | SiC fibers digplaced with some fracturing

to 1820
0.063 in. Ti-15-3 (Aged) 0.179 0.163 | &7 44 | Shrinkage cracks sround fibers near middle of

wald nugget.

{High Nuggat (Ref, figures 90,91, 92)
Penetration)
0.063 in., SIC/Ti-C4 ) Solid state bond at interface, slight malting

to 1560 N/A N/A N/A N/A | within composite
0.063 in, Ti-15-3 (Aged) Minimal Si€ fiber distortion
(Minimum Nugget No shrinkage cavities avident
Developmant) (Ref. figure 93}

*Single spot specimans 1 in. wida with 1 in. averlap.
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TABLE 47, =~ ROOM TEMPERATURE COMPRESSION TEST RESULTS OF METAL MATRIX
COMPOSITE TEST COUPONS AFTER VARIOUS PROC_I'ISSING CYCLES

Coupon Buckling Strass | initial Tangent
it Matarial(2) Condition(3) (ksi) Modulus (Msi) Remarks
81 MMC Asfabricated 268.7 20
82 MMC As-fabricated an.z Fi K}
Avp. 2128 28.2
83 MMC Age 2686 286
84 MMC Age 2804 296
Avg. 27145 20
85 MMC Braze Cycle s 297
86 MMC Braze Cycle 286.2 28.1
Avp. 2818 294
87 MMC Braze Cycie + Age 2835 297
88 MmMC Braze Lycle + Age 2728 30.2
Avp. 218.2 288
84 MMC/Ti-15-3 Breze + Age 236.1 - Lengthwiss bow 0,085 in.
g&n MMC/Ti-15.3 Braze + Age 215 - Lengthwise bow 0.081 in.
Avg. 2238
016 | MMC Ag-fabricatad Failed in set-up
0-17 MMC At-fabricated 22567 29.1
0-18 MMC Ape 2134 294
0-19 MMC Age .7 289
Avg. 2176 29.2
0-22 MMC/Ti-15-3 Braze + Age 218.8 - Lengthwise bow 0.040 in.
0-23 MMC/Ti-15-3 Braze + Age 221.2 - Lengthwise bow 0.040 in.
Avg. 2230
0-20 MMC/Ti-15-3 Spotweld (5/8 in. pitch) 182.6 224
0-26 MMC/Ti-15-3 Spatwetd (5/8 in. pitch} 173.2 224
Avg, 17719 224
c1 Ti-B-4/Ti-153 | Spotweld (5/8 in. pitch) 1044 -
c-x Ti-8-4/Ti-15-3 | Spotwetd (5/8 in. pitch) 105.0 -
Avp. 104.7
94 MMC/Ti-15-3 *Res. Bond (3/8 in, piteh) 1854 236
N MMC/Ti-15-3 *Res. Bond {3/8 in. pitch) 218.2 239
Ay, . 2003 237
9-12 MMC/Ti-15.3 *Res. Bon+ {8/% in. pitch) 1841 233
913 MMC/Ti-15-3 *Res. Bod (5/8 in, pitch) 1664 22.2
9-14 MMC/Ti-15-3 *fles. Rang 15/8 in. pitch) 1574 227
Avg. 169.0 27
“’Fim number in O identifies original MM( penal nuemher, Spacinen Canfigurations: Figure AB.
ZIMMC - 0.063 in. SIC/Ti64 (8-ply, 30v/o): Ti-15.3 = 0.083 in,; Ti-64 = 0.040 in.
mAga =940 . 12h in vacuum. (Note: Ti-15-3 portion of afl spotwald coupans is aged priur to tpotwalding).
*Retars to resistance spotbond of table 46 with 2000 Nugget penstration.
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TABLE 44, ~ ANALYSLS AND TEST RESULTS OF ROOM TEMPERATURE SHORT COLUMN CRIPPLING

TESTS OF SELECTTVELY REINFORCED SEIN/STRIACER RLEMENTS

Initinl Buckling Stress Failura Strass
Spec. (psi) {psi}
Description In Calculated Tuast Colculatead | Tast Comments

Ti-16-3 stringer 0-27 | 118,000 120,000 | 128,700 | 125,800 { Speciman twisted slightly just batore it
Ti-6-4 skin reached maximum load. Showed soms
SiC/Ti-6-4 reinforcement evidence of separstion at both braze
Brazed with 3003A1 interfaces.

0-26 | 114,000 100,000* | 128,800 | 127,300 | Showed no visible evidence of separation

at sither braze interface before failure.

*Based on visual observation, not on atrain gage data.

Note: All strasses ara averaged.
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TABLE 49, ~ THEORETLCAL WEIGHT COMPARISON OF MMC-REINFORCED
AND BASELINE WING PANEL CONCEPTS

Panel Duscription
{20 by 48 in. with 4 stringers)

Theoretical Waight

Parcent Change

Lb

Riveted Baseline

Brazed Basslinge

BRAZED PANEL
Ti-16-3 Stringers, t = 0.080 in.
Ti-6-4 Skin, t = 0,070 in.

RIVETED PANEL
Ti-64 Stringers, t = 0.080 in.
Ti-6-4 Skin, t = 0.095 in.

SPOTWELDED REINFORCED PANEL
Ti¥5-3 Stringers, t = 0.080 in,
Ti-64 Skin, t = 0.076 in,

SCS-6/Ti-64 Reinforcement, t = 0.063 in.

BRAZED REINFORCED PANEL
Ti-15-3 Stringers, t = 0.080 in,
Ti-6-4 Skin, t = 0.048 in.

SCS-6/Ti-64 Rainforcemant, t = 0.063 in.

244

20.0

263

226

~-16%

- 9%

-22%

+8%
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TABLE 50. ~ ROM COST COMPARISON OF MMC~REINFORCED

AND BASELINE WING PANEIL CONCEPTS

Matarisl Ti-15-3/Ti-64 Ti-15-3/Ti-64
Stringer/Skin Ti-B-4/Ti-64 Ti15:3/TiG4 1| (SiC/Ti-64 Reinforced) | (SIC/Ti-B4 Relntorced)
*Hot Form, *Cold Form, Cold Form, Catd Form,
Fabricetion Mathod Rivet tsathermal Braze isothermal Braze Spotwald
Recurring Costs ($) 2116 1347 3340 306
Nonrscurring Costs, Amortized ($) 161 284 276 46
Total Unit Cost (§} 2n 1631 3616 3152
A Cost vs. Basaline (%) Baseline -28% +58% +38%
imglementation Cost ($) 16140 28449 27613 4626

Pane! Size: 20 by 48 inches with 4 stringers,

Quantity: 100
*Uata from task 7, table 44,
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\Tl-84

(Arrows indicate whare the
Ti-6-4 was deformed In
- batween the shests)

~Ti-15-3

10X

17X

Figure 88, - Phutomicrrugmphs of the transvoerge seet {on through the
center of a spotwe ld between 0,040 in, Ti-6-4 (Ann.)
and 0,063 tn, Ti=-15-3 (Aged),
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Figure 89, - Photomicrographs of the transverse sccetion of the
$1C/Ti=-6-4 composlte away from the spotweld area
showlng the distributlon of 8iC filaments. Note
evidence of unfilled paps between the filaments
{arrows in upper photo).
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CONCLUDING REMARKS

Low-cost methods for titanium structural fabrication using advanced
cold-formable ‘beta alloys have been studied for use in a Mach 2,7 supersonic
cruise environment. The principal alloy investigated was Ti-15V=-3Cr-3A1-3Sn
(Ti-15-3), and a more limited evaluation of the Ti-3A1-8V-6Cr-4Mo-4Zr (Beta-C)
alloy was made. Major findings of this investigation were as follows:

Solution treated Ti-15-3 has good formability in terms of both
mechanical properties and actual forming behavior. Cold formability

of Ti-15-3 appears comparable with low-strength grades of commer-
cially pure Ti and much better than Ti-6-4; e.g., their average minimum
bend radius is 2.4t (Ti-15-3), 3.0t (C.P.=-A40), 5.0t (Ti-6-4).

Aged Ti-15-3 displays high mechanical properties over the postulated
SCV temperature range of -659F to 6000F. Beta-C in limited tests
showed similar characteristics.

Ti~15-3 showed exceptionally good high-cycle notched fatigue strength.

Brazing or cold-working before aging adversely affected notched
fatigue strength.

Fatigue crack growth rates of Ti-15-3 were found to be insensitive to
prestrain or a salt water environment, while the fracture resistance
was reduced considerably as a result of prestrain,

For fracture toughness considerations, mill annealed Ti-6-4 is superior
to Ti-15-3 STA sheet at relatively high yield strength levels such as
above 160 ksi. It is recommended that fracture toughness and notch
sensitivity versus strength level of Ti-15-3 be further defined.

Ti-15-3 and Beta-C were readily TIG-weldable in the annealed condition.

As-welded and welded plus aged butt joints achieved full joint
efficliency with good ductility,

A unique low-cost isothermal brazing process has been developed which
achieves rapid out-of-furnace brazing in an argon atmosphere.

T1i-15-3 and Beta-C were readily brazed in the annealed condition to
Ti~6~4 using aluminum brazing alloys, and they responded well to
post-braze aging.



-
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Structural efficlency of small skin/stringer panels composed of
cold-formed beta alloy stringers and Ti-6-4 skin joined by isothermal
brazing was indicated in short column crippling tests at room tempera-
ture and 600°F.

Further structural verification of cold~formed, isothermal hrazed heta
titanium structure was obtained in long-column compression at room
temperature and 600°F, spectrum fatigue, and damage tolerance teasting
of large-scale representative wing upper surface panels of an SCV.

Cold-formed and isothermal brazed beta titanium fabrication methods
can save at least 25 percent cost -and 16 percent weight over a
conventional hot-formed and riveted Ti-6-4 assembly.

Feasibility of using continuous filament $iC/Ti-6-4 metal matrix
composite to selectively reinforce a beta titanium skin/stringer

component has been shown. The reinforced isothermal brazed configuration

has increased structural capability and weight savings potential.
Spotweldability was poor and needs further development to eliminate
local composite degradation. Present costs of the MMC selerctive rein-
forcement concepts studied would be prohibitive for many applications.
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APPENDIX A
TEST COUPON CONFIGURATIONS
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